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Guide for Readers 


Hti’iu plan nf thr vnc\ilopedm 

mdiirr of iht* various <1 im i^nlinri* or 

lir«Pih«<i i»f and t^hri<do|t> ori:anir**d 

t^\i»trmatir alU a KturtAl arh< It pfu\iiiro « broad 
MUfvrv of ibr fo Id ami a of •Mf^paraf*' arlo It*" 

j'kIiaUtoalU arrann^rd «o%tr il*< iinin *>ubdi^i^o«ii'^ 
arol ftion iht 

l»i firitrial f*a» h arto \r nilh a dt hiiriion of 

tht htir that Matt - il- - opt and <o%t»rai,t ( -nalU 
i>nl\ ibt -I i^ntihi or it* hno|*»*sn al mom i- *b^i o-Md 
MmM «»f rlit atfob- afitr lbf'‘ nUiirntnl jt‘* **• 
UK rt a^iiiah *i*inpbx ami dt lad* d * on-nb lah ni’* \ 
I* idf I iIkk* iKtd^ l«» proitf*! ofd\ a^ far a** bi*» 
in hnatoni'^ mi Mtiuirtm* d** *lKt»iti 

t ro«« rtfrrtnrtN ^nolt ih* tv tdrr fp*ni |b,t mril 
uthb- to thr ollot artolf* utl*» hIih li llit ^iibft«< 
i- -•ibdt\i«it*l ukI Iroin thf «t to ailnltv f»ii rnoit 

h»krbK 4 1 ili/r«| I III*** ' ol till I III* * 1*0 

itbnhvf* dittt art iImoi? MKHHi of lb* in ii* 
pnnitd m * a| tial l«(lrr- -*» that ih**> tan Im ra«4iU 
ifio^ni/td H\ riK aii^ of dit » ro-» rritrifutH «i 
r*ati* r mav find bi*» h iv fr*nn f i* ihk \i i m imim 
iNt iliftfUicb F I lMm)^t« am* \ %< u m imu i«v 
f'n4 1 RV)\ MoTKIN IN V^tltM <r flMlHON | Ml«» 
MiiN Or t*>lb^'MUi|{ aiMvtht I lim* of I h*^- rbitrotr^ 
til* rtadtf %i«»nld Im* 1*^1 t** (ittfiu* iowin 

rvM'^ I H\NNMIh'*|iIN JI\»s Flit iHUM ^11 n> t|( 

H and Ml on 

Fvti% phvlum * la*!** and tutlrr in th* plant ami 
animal ktninloint* ih alloiitd a M*'paial^ arii I* 
Man% of thi* morr < ttmmon familif a. rn and 
ti|kr4 «rn io%i*rrd filhr-r in tnif of flu ordtr 
am* lo*» or in a 4f*para!t* arm It* iimbr d*- 
Mi^ntifi* or vtimmoii namr 

lli^rr arr |i»*> mdrxt*^ to infotjiUiion in tbn r-n* > 
ttofirdia l¥ifh of ibrm in Volume Ki I bn «*>inprr 
hfiKiivn index i%iih iIk 100 (NK) entries **ffer*» an 
anaiyliral breakdown, the topi«al index |Kro4i|t«* ilir 
Wore iban 7200 an ole itfir** under nearly lOtl grn 
ml heodmiei^ lo enable the reader to identify 
i|ttickt> the ortivlea in a «^nb;e«i area , 

McmI of the Iwiger aHielea rimtain bii^lwgrapbiea 
ehtny u*te(ul Miurcea of further uifomtatirHi For ad 
ditumal hibit 0 ira|iliir«l citatioiia. the reader 4Krukl 
refer to ftloted tftirlea (aa indtraled by the crone 


irb^ic IK ^ ^ III tht arm If ) Ibbhogiapiiiea are plat ed 
at the indn *d aitn lew or M»mtliiiie*« at the enda of 
inaior «i«-«fK»nf* in Iona artit te«4 

K liM of initiaU and name» of the f nfifiihiitor* fa 
ibe riK lo|irdia n* lo lie fotitid in Volume IS Thl« 
li**t will |«tinui *|iii«k tdrtilihi afmn of • totitrilup 
t«ir - iiiitial*i after an artnlr Immedialely foilontnf 
ilu- liM I- a NTiMitd liM of #m \* lo|>edia i^ntfibtitora 
nith ib**ii aHibaliotio and the lirle*» of ariKlr* eaih 
Im** nriiitn to tb# t m \t lo|a%dia 

llou tiih’s air alphaitrUzt'ii 

Unnl* Hwd ipi iitio af** {MtMthli' fttven 

tn tiif viuKular jH'imil a < oiioiatnil alphattrtii 
•rrana.'nx'Nl art !•> Hurd and 

o>)l 1*^ (i>r f>«ain|>ir 

Earth tcinnm 
Earth ttdM 
E«nhnM>«*r 
Earthqunlin 

K Mittii ti'iii rt» a n«Min firrirdra thi* •‘atn<* Hold ti^d 
U4i)«<ihallv Uiiii 

Mnreury (•twiMint) 

Mnreury (phmvt) 

Mercury betttry 

i*r 

Circuit, fMctronlc 
Circuit hrMhM 

Hv|flH*iiid li>rmt ttt> alidialMTii/fd a» M«rd«, 

f >r I 

Animal virua 
AnimnI'fcud compiMitkm 

"Klirtru ” and ''vlcctncaV* 

IV ad)<‘<»«r'a rl*** irii and rliMrn ki »r«* u«r>d In 
ihf (••il«»tnK Elivltii <4«tttaintn|t, pnauc* 

iny ariMHic hum «<lMalrd Inr, ut rarfyiJtA rfiHtrh* 
it> or < «|uilii< ol doin({ ao, «». lor inatkhne, rirrtrh 
ftrnr>ratnr. (dm-tra motor, fintrh wiriniK. Elettrkuil 
rp|«t«>d to prrtkihing to. or 4i«Mi4iiii<a whii «Im' 
imity, but not hkving H« propertim or dwrarttr* 
iatM«, at, (or mampK eintrirol oode, l•lf^trlrci 
enghMcring 




\ hdrufr-t f I U /\n( Vf Inffrtiia ft/ Srtrrn r tuu! Trt'hunltujy 




SPIR Spiral to System engmeering 


Spiral 

\ Irrm ij<nl lo any g«*<imrtni nl 

mMv that a crnttaf p*itnl or A\t«. 

i*hilr a|im* riNiHlmg Imm il ^|*iral kLiii* hrl 
Donplsiur |oi[o<lrtmir<^ iMir\r<% ilinf intrrvfs t 
tho«>r of 1 gnrn at a (o»<^Tant analt* for 
anivi^* rluiinb Imr^. in <aM^ lb#* air on a 

vit)Kt«ir rn«'iuliAn^ !*Min ilir m\rn »r<* 



r^ainpb^ •»( »f*ir il* *ii» n»*t It# tri i 

plan* I to pi mar «ipinii « tirvf o « Mn polar « <» 
ft ifwl f) * viJit iri(r<»tl<ir ril \\\ \r« (iirn««!« ^ 
in hi* Uw^k ifn ''/»rN//< thhrr plirnr ^pir^l one** 
nr# I'viritlinio 0" ' * tbf to inhob 

mtkf 4 ton^r/iMt una!^ with ihr raiiii ^o«ior* dlr«iwii 
to thr jMiint** fif fontxit ftO >» a, and 

fh^ liioij*^ f fi at ti IIm (\ 

1 M »»I l \ll MIMI ' 

Spirillaceae 

^ famti'k of haf teria of ihr ordrr I*«<nMlomona4)alf**» 
Mwlirnfc of ihiH famiU arr* primAril> wair-r foirn* 
although somn arr found in ihr •oul and ftomi* in 
warm hhawird ano tab i<r** » him* **11 h h’-raHr*! 
a* (hnt«^ia ami rat lMt<r ftvf^r in man and alM»rtion 
in ••hf^-p Thr* Spintiat^ar* lofrqpAi^ an arfiftiial 
grouping of t hrmohrlr tolrophu gram n#*aalH(*, 
i^ur^rd to spiratN twu^trd nid«* with rigid 40II Hall* 
and |Mi|ar flagrila Tlitf* famti% 1* milMtiiidrd inlo 
grnrra oil thf* haMa of dtffrifrurn m <^*11 luixa 
ture« tiuminrr and arrangfmr'nt of flag«*Ila, and mr^ 
tabolism. A definition of thi* torm« rn \he ntrfabo 
liam eoliiinn in the table iielow folhii|a. arrcdiM 
(tnefena require m 6 |erular oivgen. anaerobte 
hattena do not require molecular oxygen for 
growth: facultairre anaendiii; baeteria grow under 
aarobie or aaaerobte rondiiiona; faeterotmphir 
bactofia are nnable |o grow with rarbon dioxide 
gi a aole rarbon aoufxo and require nrgattir eom* 
pemmia; autotfopbic baeieria utiliap only Inorganfe 


maieitai* a^ a witie of niitrientw and carbon 
dioxide a* a •wde *4nifi e of iarlnoi \a m Mlier arena 
of ha<iftial laxoiionix. authoiitiea differ uideh 
i oth on the *pe« ie« ii i»r irif hided tn the (atitih and 
t»n *idNli\i'*l«>n Ve Pmi lHiMo\Xti4l l)» 

Itorptiology* fVli eunpaVuie gixea a iitUque and 
cftHitv rnoriiirahh Inim to the tvpn at ^idnllaceae. 
Ttie \ihtio« haMng a amgle hend. are comma 
diAf^ed to I rr*i ent dtaped oiganixitia The apiriUa 
hfur two or more hend*. twntta or tififh» reaultitig 
iM *ihn|>ed wa^eltke or «piiall% Milled irlla The 
doidmg liiu* hrtween the uliaight rods, or paeii- 
doftionad* the %ihfio*. and the spirilla ate Imll*' 
limt and no Ah*oliite ^epaiation <an lie made nn a 
moiphologn al l»a*n» The lfgidtt> of the spirilla 
and thf pre«»iuoe of IlHg^lla dutingiu*h them 
fioni thf *pHoihcte* t»M '*r-iR<w fiat I alt'll, How 
( ^i*r tht ^lotdla e*|)ri lalh the longer forma, not 
oriK Min hind nr fh X and thti» diapitt thf haalr 
H iw pattfrii hot lUo ehmgate dtintig motion 
Dot* <f)i figolit^ i* a tr)ati\e mafleft and the 
I \i*tM»« e 4 »f (oirn* with iiitei mediate propertlea 
hki ^piulhiin mtnu% 1.111*4** taxoiioinh difituiltiea* 

Sf r lUi « I f |\f R 

Hie fiindiiinental ba%ia (of a niried tell atruc 
t>jre hii* not l»eeu in^e*ligatMi, The t iiivatuie of the 
«rll I* iiifhieiiMd h> emiionntrntal (aMora. Foi ex 
aiMph iirohi ddhttnl « ondtlhni*. i<t(ie|> growing 
Sp foluioni, the huge*! of ihe ^piiilla can •acut 
4* iliiooi Htratghi rmia, gn e^enh Utit Snliaped 
4 1 i)» 4* angtihir tightlv coilnd forma, 01 a« cloaeil 
ring* liif t>pt<*i( Mined form can lie lost fietroa- 
fo nth \ieldfng airaight roda on UlMiiaiuiy etillitte 

rrftam apirillit have a life cvcle. they fxiaf in 
inor|jh 4 dogn alU dniimt vegetative and reeling 
atages TV aptral »elU at the end «d ittivr* gf«wth 
gradiialK ahorten and round out, forming nval 01 
aphefoal rrih ro* Theae, m a favorable anvirmi 
ment germinate Irv unificdar or bipolar emergence? 
of the vegetatne form Tlie formation of rlnglike 
bcMiiea. refiorted for the getiux htmofy^luM, mav be 
part of a similar life 4 y% le 

Matobolifm. Mo«t ui the Kpiriliac eae that have 
liern ctiltured are mmexaiting nutriticituiUy and 
are oxtdatHc in metalmlism. The two strictly anaar* 
obic genera, n^%itl}ot%bfio and Mtiknoobatirnum^ 
obtain energy through anaerobic oxglatioiia, with 
aulfale and carbon dioxide, rrapec itxrlyf replacing 
oxvgen as the tertninat hxdrogeii aceeptora. A 
unique rytnebrotne pigmeiit had lieim detnmatratfd 
in 0 eaift//oii 6 ria. The fermetitaiioo of augara and 
ambm aeida providef energy (or certain ntunfwbic* 
pafnailk vibrioa. 


# VpifVfllMfViVI 

•ffitra of Hit iMnNr 


OemiH 

Characiftrislir sliaf>e 

Flagelln, no. 
and fioaition 

Metaliolism 

Vihrio 

Single curve, ciiiimui- 
shapid 

1, (Kibir 

Aerobic to Mii«er«ibic, heterotropbic 

Desuljtmibrio 

Single c'urve, ci>irim:i* 
shatwfd 

1. (M»bir 

Aiiiierobk*. hetr*rotri>plii€* to seiiiiait- 
totrf»phic. rtMitici*s sulfate Uinulfide 

MelhantJharlfrium 

Stniighl to slightly nirvixi 

None 

Anaerohtr. heterotrophic to auto* 
trophic, rarl>oii dioxide redu«'ed 
t4> tneiharie 

(Jflhihrio 

Slightly curved long nxlH 

1, fsdar 

Aerobic to facultatively anaerobic, 
heUTotrophic, ovidixen cidtulose 

Cfllfaltirtda 

Straight to curved, sptitdle- 
MhnfH*d 

1, |Kdiir 

Like ii^rlhihrio 

Microeydus 

Slightly curved rcKis, also 
cloM'd-ring stage 

None 

Aerobic, heterotrophic 

Spirillum 

S- to HpirabHlnifM'd 

TllflH, INihir 

Aerolm*, heterotro|ibi(‘ 

lUtragpirillum 

S- to H|»triil-sh(i|Mvl 

I, (Kilar 

Not (*ulture<l 'aerobic het.erf>- 
trophtf' ?) 

Selrrumuman 

Kidney- to crencent- 
shaiNHi 

I'ufls, central 

AiwuTohic, helerolrophic 

MyeonasUtc 

l^mg, eiirved to eotnrna- 
HhiifH'd 

?, |w>lar 

N*>1 niltnred 'aerobic, helcne 
tn>phlt' 


• Ah rlft«i«(ifWI ill IWffey s Manual nj iMerminalirr HarlerialtMjy , Till <mI., WilliariiH K W likin'*. lOr.T. 


A vwrirtv of nimplo oriEiinir romiioundH Hin li 
henoHCH. mono* and dirarhoxylir iirid^, and Imlrox) 
and krio nridn ran l>f tined an nolr rarbon and rn- 
fff^y MciiirrnH by many of ihe imrobir foriiiH. Mnre* 
Hperiali 7 /*d abililmH hIhh exi^t; thf* fscMirra (.rlhi- 
hria and dtllfulnrula ara defined bv their <*elliiln‘'e 
diKeMtini; ability, and vnrioiH vibrin** ran ntili/e 
oxalate, agar, hydroearbonn, and uromati*' enm- 
pounds. 

There are several human and animal pnthogenH 
in the genus Vihrio, iru'liiding I . romnta, the 
tive agent of aniiitir i holera f^ee Ciku.kka \tniiio). 
and W fftiLs, the raiise of abortion in rattle and 
wheep. Also assin^iated with warm- blooded aniiiiaU 
is the Selenomonas group, fmind in the eaenun, 
bureal cavity, or rumen. These organisms ha\e the 
vibrio form, but differ in having their flagella aris- 
ing from the renter of the concave **ide rather than 
IHdarly. 

Doiulfovibfio dosulfuricono* The moat studied 
of the nonpalhogenic SpirilUceae is Drsuifotibrio 
ilfsidfurii’am. The organism grows a*« a chemo- 
trophic heterotroph oxitliziitg a variety of organic 
compounds with the concomitant reduction fif >ul- 
fate to hydrogen sulfide. It aKo grows <emiaiito< 
trophically oxidining molecular hydrogen as an en* 
ergy source but deriving 4'ell catlKm from organic 
compounds rather than from i arimn dioxide. It is 
widely distributed in water, sediments, and soil, 
and Is teH|>onsible for most of the sulfide in nature 
that is not of geothermal origin. The precipita- 
tion of Iron sulfide by its activities results in the 
bliick oedimefita ciHumon in estuarine environ* 
nieota, 

Becgttif of the strongly reducing environment 
^iilljng from sulfate reduct ton and other evideni^e, 
it is believed that Desalftnibrh JesuifuricuM^s (flays 


ii <^ignifii ant role in prtrulriiiii ftiniiftion. in addi- 
lion lo its nuisance value a** an odoi producer, it 
aKo (.ju-f*s ccintoinic |n«sr‘s a-* an agent ut anatMo- 
hie Miriosion ol |)i)>ing, oilwcll < a'-ing^. and other 
huriM sfrticlurcs. Srr I'rrnoiM m mu Hnwioi.iu.v *. 
Soil sit n M ( MK KOHIVI (Vr I f I. 

! c. HtITI.MU lU. 1 

nihliogtaphy : H. S. Breed. K. I). Miirrav. and 
N. K. Smith (cd**. ). lit*rgr\\K Manual of /)crcrmi- 
until Harti'riology, 7lh ed.. 19r)7; M. A. Williams, 
Some problems in the identifuation and clasMifira- 
tion of Spirillum: I. Karlier taxonmnv of the genus 
.Spr>/7/«/n, Intrrn. Bull. Burteriol. Mornenclature 
and Taxitnomw fif), 19S9. 

Spirochaetales 

An irrder «)f bacteria characterised by elongate 
cells twisted three-dimensionully into a spiral 
sha|>e. Some members of the order are pathogens, 
causing syphilis tin man), relapsing fever (in 
man), Weil's disease (in man and other animals), 
while others are parasitic or free-living forms in 
water or sfxliroents. The pitch of the spiral varies 
s<i that different ft[>ecie4 may appear as tightly 
coiled, almost closed springs, as regular open- 
coiled forms, or as irregularly twisted cells. Mor- 
phologically similar forms exist among the larger 
spirilla, and intermediates between the two groups 
exist (.vee SenuLLAcrAi:). The spirochetes are un- 
usually flexible, being able to elongate and con- 
trai't or to superimpose secondary waves on the 
primary coils of the spiral. Flexibility, also shown 
by the slime bacteria^ is attributed to a lack of the 
rigid cell wall typical of moot bacteria (see Mvxo* 
BACTCRALKS). 

All spirochetes are moliiet oauaUr swimminf 
rapidly with a motion that involves both forward 
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ia) Typkai api^iitum. (b) Flogellor (tolft «i|}OWH»g tpirtU 
lum with polar flogailo. (<) SphiBum vtJulant. '■<t> Mi- 
crwyat fermetion. (•) Mkrocyat parminoiloA in SpkiBum 
hnatum lliina aaquonca of bidividuot Inring calU, 


•lopaod timt in minutn). ^Bholographi bff M. A, WB- 
Itamti Id) ond lo) from M, A. WiBiomi and S, C AMa»« 
borg, Mteroeyd formoHoo ond gormfooHon h Spirdfym 
lunotumt i. G*n. Mkroibtol., tSMS, 19^) 


profTMi Aiul •pinning around the lung Ha- 
grita are abneot in ifaie group. Elrcltvm microncopy 
rovedii an axial 6lanwai or a bundle of axial fila* 
menl* ancbomd near each pok of the c«It and 
wound around the retl proper wtdiin an outer mem- 
brane. It M presumed, sntboul direa-t evidence, that 


tlir axial hlanientx are the organelle of mottlily. 

SpiracliMlactM. Dim family include* the large 
xpiroriieie* about 30 -500 microna (ji) in length by 
O.S~ 3.0 p in «dl diannater. Wtiii the poeaibk excep- 
tien of SpirochoeUi ptiadUU, these fonw luv« gat 
baen grown in pure cniture and little la hnnwa pf 





1 Spttoifwmta 4 IhfrmtMi i;t fftonmmotmmif) 

2 iopftttfuta (S0trochci«fac«<i«} 5 fr#poo*r»»o (Tr*|)Oft«nHiicK*o«) 

3 Criirufiiro (SplrocKo^locvcw) 6 Up»o*,5rrfo (Tr«pon«mot<»f««i*) 

Rapr^MfitotW# gtn^ra of tho Spirochootolot. <V. B. 0. 
Skitrmon} 


th/?ir |»hvAiol<»|](V and metabolism. The family ron- 
sists of thr«r arnera, Spirorhaela^ Crhtixpira^ and 
Sapronpirn, that arr diHtinftnishrd both on morpho- 
loi^iral and e<M>bii;(i< ;ti ba^fft. 

SpirorhaHa kiku ies orriir in bolb fre«h and ma- 
rine waters*, usual !v in the prenenre of dcraytntt or- 
ganh' matter. Sin<’e no nperifir technique ha« been 
worked out for enriching the medium ho an to pro- 
mote their growth neleclivelv in a mixed niltiire. 
their detection in somewhat a matter of chance. 

Crhthpira -pecies occupy a pe(*uliar ecidogi- 
ral niche, being found onlv within the cr\Htalline 
style of certain inolltiskH. They have a thin mem- 
brane. called the crista, fused to the <’ell surface 
which undulates out of phase to the spiral of ilie 
cell proper. The function of the crista is unknown 
although it has been postulated to play u rede in 
motility. 

Sapro.%pirn species resemble Criatispira species in 
general form hut lack the crista. The first are found 
in marine sediments and the second in the intesti- 
nal tracts of niolliisks. 

Trtponeniatacda#. This family includes the 
spirochetes less than 20 p long and umler O.r^ /« 
In diameter. Most described species are parasitic, 
including some important human pathogens. Free- 
living forms are commonly olmerved in water and 
infusions. One of these, T. zuelzrrii, has ri*<’enlly 
lieen grown in jmre culture and shown to Iw a strict 
glucose- fermenting anaerobe. The parasitic and 
pathogenic sp<M*ies that have been cultured have 
complex growth requirements which are iistialVv 
salisfied by the additbn of animal tissuf«a and bmly 
fluids to culture media. Some have reix^ntlv been 
grown in synthetic media. Both aerobic and anaer- 
obic species w'cur. Some forms,, in particular the 
ayphilia organism, fail to stain with aniline d>es, 
and many are quite sensitive to organic arsenical 
compounds. ITiese priqieriies are not sharc>d by 
moat bacteria. 

The family ia divided into three genera that can 
bo dlialiiiituiibed morphologically. 

Aorreftif apeciea have coarte, irregular apirala 
and eauM retapaing fever {B. recu/reniMi) and 
Viiieeiil*a angina (A. nnreiati). 5«e Rcl,%i*$in 6 
ravan; Vincawt^aAitcina. 


Treponema apeciea have uniform^ aomewlial an* 
gular apirala and cause syphilis (f* paOidum)^ 
yaws (T. pertenue), and pinta (T. carolettm). See 
Pinta; SYraais; Yaws. 

Leptospira species have tightly roiled, almost 
closed spirals; L. irterohaemorrhagiae causes 
Weil’s disease. See BacTKaiA, taxonomy or; 
.SriiizoMYci.Ti-s; Wkii/.h diskask. 

[S. (.« RITTKNBEKO] 

Spirochete 

A memiier of a group of microorganisms distin- 
guished by their spiral form and active motility. 
There are three groups of medical importance, 
based on niorphtjiogical criteria: Treponema^ the 
cause of syphilis and related treponematoses; Ror^ 
relirt, the cause of relapsing fever and implicated 
in Vincent’s angina: Leptoxpira, the cause of one 
form of infectioim hepatitis, known as WeilV dis- 
ease, as well as other leptospiroses. Fach group 
contains nonpathogenic varieties which are indis- 
tirigiiisliahle morphologically from those prodiiririg 
human and animal diseases. 

In addition, several spm’ies of large nonpaiho- 
genir spirochetes /i in length) are found in 

shellfish, stagnant water, and other w'cl eiuiron- 
ments. See BACTFRioi or.Y. Mi nn k\ ; Bun ; I H‘Tfv 
si»ika; Rjvt-iiitk ffakb; Ri:i.iesiMf hvik: .Sciro- 
ciuiT\i.Fs: Syphilis; ViNcFvr’s Vl’m.’s 

nisi ; V \ws. 

It. II. riRNKg] 

Bihfio^rttpkY’. K. J. f)uhos (ed.), Banerial and 
ntir Inlertions nf Man, 1th ed., !%.*>: T. B. Tur- 
ner and I). II. Hollander. Riolofiv of the Trepone* 
matosr%. World Health Organization Monograph 
.iri. 

Spirometry 

Tlie measurement, by a form of gas meter, of vol- 
umes of air that can lie moved in or out of the lungs 
(Fig. 1 ). The volume that moves in and out with 
each breath is the tidal volume. The maximal possi- 



Fig. 1. Okigraiii of o splromalor* 




SI^KlAi DIVISIONS FOft FRlMAtV SUBDIVISIONS 
PUIMONABY FUNCTION TFSTS OF tUNG YOiUMl 


Fig 2 Subdivtiions of th« lung volume horn J B 
Popp#«iK«fm«r of ol , SfondardttQhon of 6oftntf»or\% and 
tymholt m rotp$raforY pf^yiiohgy, fodorofton Pror , 
^J»602-h605, 1950) 

Mr tidjl ^oliimr 1% tlir %iIm! rapiif iI\ Olhrr •ktil* 
rlivi-iMn** »*f lufiK Mkliitnr urr tiuin itrd m * 

f*rn afirr ihr Mimplrlr ihimiIiI#* rxintaliMn. 
I < ofi-tdrr»l»|r \(»|i)inr of (gan ihr rrMilnal \o|iinir 
v^ho h »“ no! ineMH>^iraMr Ji\ «<pirotiirfM Irll in ihr 

rii# \oliirnr of thr \>lirrt ifir iniiH« )r% 

l»»i iifiinic arr lornplilrh fr|a\rd ihr rrlaxalnui 
vtdiiinr \l iIh> \«i|uirtr appioHnnatrU t(ul al tin* 
rfM of Ttoitnal rxpiraOtdi r|a*''if (o»ir» of thr liinn 
|*al UK r lho«^» of thr I hr**! \ftall floiii 

volitruc* rriiniri**^ rririt;\ fioin nal'tra) iWiraih 
11*1^ Irs I Ol from arnfinul < iinn hann al if Hpii a 
tor » «oiirir«t Sr# RtMiH4n(iN. ixiihn^i 

‘ \ n fi I ‘ 

Spirotricha 

N •'o!*« la’*^ of ihr < l.nn Ctliat.i i%hiih contain^ lhok»r 
4 iliatr Prot<i/JM that arr typifnd h\ r < t}ou)«. 

t oinpoiind I ilidr\ Miu* lurr*» Ihr i-iru* luirn arr ihr 
«iifi %vhi« h «i« I ur *>n th# \riitfal *.i»ifa4r of ihr 
and thr him al or^anrllr'k uhnh in* liidr ihr 
tindolatiniE mrmbranr and thr adorat /(«nr nt inrin 
hranrllr^i Thi** group of dlt^ir^ to < laKMftnl into 
4>rdrr'« Srparatr arti* |ri* appear on ra« h of 
ihr MX €»rdrr4 li*lrd in thr folloxktng « I iN^^ifo a 
Itoil 

SuIm la**** '^pirnt 1 1* liA 
Order Hririoiru hnla 
Odnnio'^tomauda 
OligoiiK bida 
Tintiimida 
Enlndinioniorphida 
HxpcrtrKhida 

Tlw* grArral bodx <*i(iatiV*fi m morh rednrcd, or nrn 
rntlrrlr except in one order The b<Kl% oiie 

in uatrall) f^reBter than that ol nprrtfn belonging to 
the aubrlaati H«>lr»iriclia. The order* in ihia aiihtdafui 
contain tho^e organlaiiia nhteh are r4>naidered to be 
the moat highly evolvgd eiliate^ Inrtuded are aome 
of the apeciea among afl ibe Protnaoa mmt widely 
atgdifd by experimettlal biologtata* See OuAf a« 

|i, cb« conms] 


SpiriifDklM 

Aft order of the claw Nematoda. Theae nmiwmm 
are paraaitco of the alimentar> candid foapilfttory 
avatem, or orbiiah na«ah and oial cavilioa of vorte^ 
l>rale»>. All of matiV dtimeatic nnimal* are aiibjort 
to parastlKin by one nr more member* id ihia griHip*. 
A few *]»ei'je« are a< cidental parasites of man. In 
the aliment a r% trait thev canine gaMnieiitri Ilia* |ierb 
tonitiA^ and more or lean M^rioun hemoirhage and in*’ 
flammalton Some ii|Hfeiea ratine iiimora and nodnlea* 
**lheia infert the e^ea of their ftniiiatiliiea 

4 auMiig hlindue^*, 

Ctftftrftl fildf|lllftlogy* Thr«ir Uiitm* may l^e olen*^ 
dft and threadlike^ large and heaw Mdied, or ahort 
«fid till* k ’Ihe "*e\r* *iie diniorphu in ««otne apmnea* 
The inotiih i* iimuailv AiirruifndN) li\ a aingle fialr 
of lateral p*eitdolai»ia. and tnirihihia ale ottmelimea 
pte*eiil The buccal lanh may lie well dry eloped 
»«t indiinrrit ir\ The eHtiphagt^ la dlviaible tnlo two 
a dmrirr anienor imi*iular |K»rtion and a 
liMigri poMetiirr glandiihir ikmuoii which ronneiln 
with ihr iiiinplr ifife<4(tne Spiiie« of other culiciilar 
ad<*nimrnlK aie vonirtirnr* prcHriit on thr head and 
liMcU I hr male ha« Uti iln>*imilar afip nlrn, unetpial 
III I* ngth and a tad nnualU with broad wittgitke 
pr<** r(ii*r*» <,4l«tr» whnii arr ofirn otiianienfed with 
• iifi«kiliir inirkingff ami ptovidnl with Mnlked pa* 
pillar Ihr Miba of llir female uauaih «|wma near 
thr n iddir of iIk l*f>d\ aomritmra pv»Metioriv« oc- 
4 t*«i«in4ll\ aitli'ri<»il\ 

Lift tyr It. Ihr liff iy<|r of alt *pirtir««ida thna 
far *liidter| i% iiidfrrti, tliai i|, an inleimediate boat 
I* invobrd whn h im n*iialiy mnne kind of an aifhrm 
l>«»d Ihr drhnitnr ImoI |ir«gnic«i Infected hy awab 
hkVding the inlrtinedialr IiohI containing the tnffc 
liw‘ '^trtgr of thr p.tra«tCe 

Important apimroMt. 1 «4ttaliy the iKpirnmida are 
rfir»«i ifiip4«rfaiit hm paraaitm of domealn animaK 
alihktijgli homaii infrMationa liayr l>rrn recorded. 
1 hr f<fU<»mng table im IndrK varme of the more t*ilin* 
in<*n *tMVtiroid of dome*lif aniiMiN 



FHl 1. CftftFhtiFtfnt ipfftigtfvift M tM. <h) TmH of 
(«/ Toil of fomolo. (J) eiiNto ooiliwi (ftow M. 
toflw omf C. toM, t9i0>. toWmtorr, Ayii 

eONool totaorefc Smvhit, loftavO*, Mmrhmd} 



GnathoitotM ipini^erum. Thin ih a nibii^t worm. 
2S^ 50 mm long, with the head imd developed into 
a globular nwdling armed with eight or more rowM 
of boi>ka. Behind the head, the liody !»% covered for 
almtit half tfN length with overlapping rowrt of 
t<g>lhed Hcalen (Fig. I L Iih normal honi*. among do- 
mcnitie animaU are doga and cafM, in whh h it pro- 
durtw and inhabitM large tumorH in the ••tornach 
wall. Thene worni« may caiiHe a fatal periloniti«. 
The primary larval hoMt ih the fresh- water rninta- 
cean« Gyrtops^ and the **erond infermrdiale hoHl in 
a fiali, amphihian, or snake. When »me f>f these 


vertebrate animala nwallowa an tnfe4ned Cyclops^ 
the Gruttkosioma tar%*a invader the tiaauea of it.s 
new hoKt and bei^omes enr> sted. 'Hie niHMirid inter- 
mediate hoHt in obligatory, for earnivorouH mam- 
mals do not become infer*ted from ingesting in- 
fected ilyriops. Human gnathfintonie infe^'tionn are 
of freipient occurrence in MiiitheaHl Ania. They re. 
Hiilt from eating raw or tmpr«»|)f*ri> cooked fi**h. 
peciallv eels and frogs, all of which are coinmonlv 
infc« ted. When ingested by man. the lar\ae de\elop 
to adult but sexiiatlv immature worms. In*>lead of 
invading the siomacb wall, lhe> wander around in 


Common tplruroid paratftaa of domettic animals 


PaniTiiUf 

Dcfinilive bust 

InteriiK^ili 
all* li*»»*«t 

Itistiihiitioii 

P.iUlolf »gy 

AnrartfpM ntrm^ryUnn 
(Hiidolphi, 

Swiie* 

Heelle-^ 

t '« >siii4)|Milihin 

lnt1ariMiialii>n 4if -^tiifiiafli 

iiineftHii 

(^hfthnpirnrti hamtibtm 

l‘*«iwl. tiirkt'y 

< ir,tssh4»t>' 

\. \inen4‘a. 

Sufi nodules in inii.^ciil.itiiif' ot 

(Dieting. Iir>h* 


|HTS. 

lMS*||eH 

>. Xifierii a. 
\si«i. l'.nr«»|M- 

gi/./ard 

thnpUaryni nuMuln < lliuinlplii. 

Fowl. Iiilkey, 


Nnieri)-.!. 

1 l« ers and k'laiitl d«-^tnii linn in 


pi(;«*ofi. 
giiiiicii fitwl, 
pbeos4Uit 


"s, Aiiiefit.i 
Kilto|N‘. \sia 

pni\i'nlri« tilii-i 

h-chmnrin nnrinnfn ( Hutbtltihi. 

Duck. 

VV.itei lle.iN 

\ . \nierii .i. 

f itllainmalinn and lUMhiles in 

laiM) 

HWilfl 


i')iir<i|N'. \Niii 

N. \fri. .i 

ortotailiii ulus roifl k'i//aid 

♦ 

( inntlutnUmn hinpulum 
Feillchenkn, I MTU 

'Swine 


l'!iir«4tM*, -Vsiii, 
s. Mricii, 
Vnstriilhi 

Ih'sirm linr» 4>f |i\er liNNur*. 
g.tslrif tesiniiH 

( ifUiUi4Miinnin xpini*i**rnin Owen, 

( !<i(, dog 

(lyt'Utps, 

\si,i. \ui 

1 ieslrtn linii nf li\ei f^as- 

UWft* 


Msli Olid 

Inili.i, 

\ Vini'ric.i 

Irii h-simiN 

f ionffylotirnm pitHinm Meliii. 

llorsi», niMie 
sheep, giwit. 

Hw ine, « 01114*1. 
biltr.ilii 

Heel len 

( '( >snio|hilitnn 

hi f*s4»p|iagUN iinimiNalalit 

Hahruntmtt iw^ffanhfrna 
tHiidolphi, IMIU) 

lOpiiiH's 

Miisfut spp. 

Kuro|>«*. 

Xfricii. 

ViiHtralid. 

S. \ineri(‘ii 

rntimrs in «itoinac.h wall 

litihnmrnm mirnmhmui 
(Si lineiilcr, IMnOj 

Kipiint's 

■si a hie II y, 
lioiiv fly 

<*.4»sino|M»litnn 

f 'ahirrbal gaNtritis. Htiimarh 
iih'ftrs 

fiahnmrttm niujiriie Oartcr. IMOl 

Kipiines 

\tnsrrt spp. 


CaUtrrhal gastritis 

(^rvitpirnrn maniumi 

Fowl, turkey. 

t'mk- 

S«nithern 

Laaiotis in eyes. hlindnesH. I«>hh 

iaw 

(MNlfflwl 

rnmhi's 

r.>.. .s. Ania, 

Aiistralm. 

S. \inerica 

of eyeball 

PhyMhpit*ra spp. 

n«»g. cat 

( Ilk now n 

('tiscnofu kliUin 

KroHionoiid ioflainmalion of 
stoiiuich muenait 

l^hymrpMus mrjralatus 
tMolin. \Hm 

Swine, (Ntniel. 
rabbit 

liivties 

0»Mni(»|Kditaii 

Itinaiiirnaikiii of s|4>mach 
muc*M/i 

Spinn^irn tupi (Uiidniphi, IHtW' 

Vk^i 

lilH'tb'S 

('.osinotiolitafi 

Heriitirrhage and alk'M'fsivSeK in 
st4»iiiach Willi, aorta, tsmpha- 
gUH 

Trfromeivjt attwrimm •''nun. 

F«>wl, turkey 

(jnots* 

N, Ameriea, 

IrriUition and infUirnirmtioii of 

1^27 


lu»p|ii^rs. 

c<»i'krti4iches 

S, Aniericn, 
Africa. AhUi, 

IS 

pro vent rieuliis 

TMmin mlt/ftrnirntia IVn^e, 

IW40 

Shi^t'p, cat. 
dog 

rnkiiow n 

» ♦urtipe 
Qilifornui 

Si-ar tissue fortiiatioii in eye^. 
IdiiMlm^ 

TMn^iin mUHpaefta Bailliet and 
Ibwy 

raibbit 

t 'ilk now n 

Far Fuwt 

Sear tisane fornuttion in eyes, 
lilindiiess 

Theinsin fhadmU (I>e»mmre9it« 

Oil lie, H}i«*et>, 

Mustn 9pp. 

Flumpe, Asia. 

Sinr liHsiie fomiataon in eyes. 

lasg^ 

giml. Imifolo 


Afrwa 

btiiuinesa 


^ fVHriiiiiotUit pyir^isile <if nmn. 



ifid under the «^kiQ, «itd err the retiMf «»{ miiti’nt' 
iniK ifitermiltmt «.weiltfYfe^ or rdeimi, end 
a rrerpin^t eruptiim. Evrnltiall) thi*v l»ert»mr rn* 
ca|>«u)ed or rMi^afie thrcHigh an 

TheiazMr The «l ThtlaiM *Ki|i. 2* are 

•^mall. s»lemier worm*, Ir54»k than 2t> nun in length 
that a ruttile with profiiinetit rro*.^-filria' 

lion*' In the female the vitUa i* anterior and the 
male t* without raadal alar. The worm** inhahil the 
rniiiuiK livai '•ur ami U<'hr\mal dort« of the e%e. \l 
Him**', ihev creep out <oef the evehall *ind Itttei rr* 
l'*rn to the inner rorner of ihe eve. Tlie\ irritiite 
the rve liv their inovementH and. in Mime « a^e**, 
hlindne**-. 1’he inlet f{u*dlate honU. Hherr 
known, are IlieH of the |cenii«> i/ov/il, whoh < lilt.|er 
arourni the eve** of infei teci anvmaU and d4Mihtieu>« 
pH k tip fhriintii egji** in the plot es*< Mato domr*^ 
I-. annnaU iih IndifiK * altle hoi^e*, *iheep. goal*. 
ijogH lal^. and r«hl»it', aie patii**iti/et| l>v 
(i)d ni.iri I'* Ml I .iHton.ilIv a .^Ve Ihniiiu 

Oi\ if\y\ptftirn i* another evewonn 

whj* )j I ♦•'•etidde** Thrhi^iii in '.|/e and in the ah^ence 
-it .liar Mil the tali of rf|i* male. ItoDirxer. the « utH le 
vMidiitli and III the feinair the \u1a.4 i** lot .iti d 
)MiN!«'iii*f Iv I I ig >» t '»*« kr**.i‘ he- -rive a- intei 
mniiati ol O fJtttnutrit liie rv«*wttiin of pnul 

lT\ Vk hen .in inlet fed 1 o» ktoiH h I- 4 aten liv i. i»»w| 
lh» iH MititiHlf- l.iiva wander- up the eMiphagu-'. 



Fh|. 3. Tfutiorkf pfufyp^ercr. fer) Antgrior and of iwofo, 
lotorof ri#w ib" Coudol ond of molo, Icrtorof vifw. 
:ti Coudbl «nd of molo, warvfrol tdhioromiiMitlc), 
'd> Antorior ond of foinolo. lotoroi ¥*ow. fo) Coudol 
ood of loffvolo^ fotofoi ffH Cm Hwang 

and C. Wohf, I957h (forosdt ioherofory^ AgriculNiraf 
Unwwfth Sor¥Meo> •ofNuiJIo, Morrlond) 


MiihiniMi f 



3 0«ru>Horo mon%oni. Ui\ Mohr toil* Idtofol 
vdiw h. Moln foil, vantrof viow. k) fooiolo toil, 
d' fgoi 'Qff0t S ffomum, 1904t <Parotd« Lohorofory, 
Agtttvhufol Moryktrtd) 

t»hjirvn\. and la< hivnial d»H t to the eye where it 
max » nune hlindiie-- and in ^^rvere i him'*h loiiiplele 
de-liiMlion of the rvehall. I'lie life ryrie of the 
iieiiMP>de i* I ompleietl when il«i egg* ore wgahod 
down the tear dm t*. nwaflowed, and piii»*i^ mil in 
the dtopping*, 

O/hrr \ffifnfoidK, Among the trtnny genera tn* 

4 ludini in ihi* group that ate on muoMon of impor- 
tatu e a* paruf^iten of domefith: animala lire .Spiro* 
rerra, Hahtonrmrt, PhysweffholuA, (fongyito^ma^ 
Slrepfoeom, and TrifOmt^iez, 

Spittle insect 

Vnv in«nl)«r of »h« (imiily Ora^pwiM, iirdrr Ho* 
rrHiptrra. I'hey are aliKJ (“JliM ftpiltleVag« or frog* 
hf«P(»er, the falter lairauee of the aigbt renem* 
hlam.e of aome Kprwtn to miniatufe (roga. Tbeae 
iBM'i ta are not more fhan *.a in, long, dark in rtdor. 
wtially brown. Thev derive their name from ttie 
white. fr«|thy nta«« whieh the female depMiita iMi 




Th# ipiltb Initct, L^pyronia quadrangularn; left, odwif; 
right, nymph; li»ngth to in. (from E. t. Palmer, 
fieldbook of Nafurat History, McGraw-Hill, 1949) 


plant *»t**rnM with riirh Thi“ nymph dr-^rlopM in 
thi« frothy wlii« h providrn a fMiviron- 

ninnl and <orirr‘alfti#*nt from po*mihlr ♦■rirmirw. 
Thf*re itt only nnr Kfiirrutinn a \«*ar. Wiitm uhitn< 
dunf, ‘•fnlllrlnijj** ran e aijH#* «»tnnrinK of plants r^ipr- 
riallv riovrr, Srr lluMoruiu; l>sK rA. 1 

Spleen 

\n oijtiin prf*Hent in moM verlrhniifH whirh lifs^ in 
thn ahdoininal ravity, iiAtiulh in rlo^c* proxiniil> to 
fhn Iffi bordi'i of thr •«toitiurh. It '»iihjfrt to widr 
variation in ni/r, HhafN\ rolor, and lorution, iirprn<i- 
iiiK upon llir Hp(*t'ic*H and tin* agt* of thr* individual. 

Nortnullv. a human Hp|f*#*fi iiifun*ur(*«« ahoiii i h\ 
li> in. and w»*i^h«* lr*HH than Ih. It [h a firm 
origan with an oval ^hape and i(idr*ritf*d on its iri' 
nfr Hurfat'o t<» fi»rm thr hiliim« or !«lalk of attarh- 
mml to llu* p»*ritonriim. riiesr fold.n of nit*Hrntrry 
aUo ntrrv llu^ ftpl»*ni«' arle-rv and vrdn to th^ organ. 

Thr !«plri*n im rompo*tf*d <d a hlnodv pulp lying 
btrlwrT'n fihroiiH parlitionn. or trahrrnlar. Thr^^f 
partiriotH originati* from th«* den^^i* fihrnii« rapniile 
that Hiirrouridt ihr organ. 

The drrtilation uniijuial in that the nplfnir 
arteriolfH oprn into ihiiovralled dilationn. railed 
ainurnddn, whtrh in turn drain into small veins. This 
arrangement of di.sten^iihlf hUuNl-filled veasela, clua- 
lera of rells, and devehiping follicles accounts for 
the pulpy character of the spleen. 

tn this pulp are many kinds of bfUh red and 
white hlo«>d cells, MicroHcopicallw the major fea« 
lure of the pulp is the presence of Malpighian cor* 
puacles» or follicles, which consist of aggregations 
of developing lymphfH'vtes. These follicles form 
initially around the small bram'hes of the splenic 
artery. In addition to Ivinph^K^ytcs, other white cells 
agdh as tiiotim*ytes, histiocytes^ and giant cells are 
found in quantity. Red blood cells are freely mixed 
wUh the while wHs, except in the developing fol- 
Uctea* where they are usually crowded out See 
Bbooit. 

Tho apleen is an important part of the bloods 
(ormiiig or hemahypoietic ayatem; it is also one at 


the largest lymphoid organs in the body, and aa 
such is involved in the defenses aigainst disease at- 
tributed to the reticuloendothelial system. This 
system consists of many different types of cells in 
the iHKiy which have the power to neutralixe or en* 
gulf foreign particles or bacleria., and sometimes 
act as filters through which blcKid or lymph must 
pass. 

.Although the chief functions al the spleen appear 
to l>e the production of lymphocytes, the probable 
formation of anttl>odieH. and the destruction of 
“worn out’* red blood cells, other les» well under* 
stfXKi activities are known. FV>r example, in s«.>me 
animals, it may ac t as a hlof.>d reservoir and is said 
to contract rh>tirtpicall> at frecpient intervals, thus 
aiding in the return of MckkI through the liver t<» 
the heart. In the fetus, and sometimes in later life, 
the spleen may also lie a primary center (or the 
formation of red blood c ells. .Sec Antibodv, 

Another function of the npleen is it** Mile in bili- 
geneMi^. Hecau^ce the njibrn destrovM ervthrcicvteu, 
it is one of the Miie^ where exituhepaltc biliriihin i*' 
formed. Bilirubin i*^ the princifcal pigment of bile, 
formed bv the reduc tion of biliverdiii. Bile i*» nor- 
mail) |»re*ienl in the fc< r**. 

Ill lower vertebrates, splenic li^Mie Hp|)eur« ti* 
scattered lymphoid masscH in the Hall of the di- 
gestive tract and appcirentlv acts jp, the primary 
blood-forming organ. Bone marrow a|)pears in cer- 
tain amphibians and in most highet forms, taking 
over the formation of red I’eils in adult forms imdeir 
norg^al conditions. The spleen then produces c-elU 
whic'li are principrillv of the l\m|ihoid tvpe. and 
serves in other wavs, some of which have lw*en men- 
tioned. This organ is not necessary to life liec aiise 
il«c activities mav be shared or assumed by other 
organs under proper conditions. Manv of the 
splenic’ functions^, such a» lymphocyte formation, 
iiic c’omrnon to all lymphoid tiaaues. See Svu.t's 
nisoRiiKRs. f K.(..,sr.I 

Spleen disorders 

The apleen la rarely the site of primary di.sorderA 
except tho.se of vaMuilar origin, but it is frequently 
involved in syflemic inflammations, metabolic difv- 
eases. and generaliaed blood dUordersj. 

Among vafvcular dtsiiirbancea, acute and chronic 
congestion are prominent, particularly chronic con- 
gestion caused by cardiac failure. cirrhoAia of the 
liver, and obstruction of the blood flow from the 
.spleen by thrombi, scarring, or tumor liasiie. Ob* 
atruction of the aplenic artery or ila branchea by 
thrombi may result in an infarct cauaed by either 
c ardiac or blood disease. 

Inflammationa include acute and chronic forma. 
The characleriatic engorgement of blood often 
cauaea a marked enlargement of the organ. Bac- 
teremias frequently produce thia enlargement, or 
aplenomegaly, and inflammation, but any aevere tn- 
f^tinua diaeaae such aa diphtheria or pneumonia 
may do m>. Tuberculoaia, ayphilis, typlltoid fever^ 
and malaria^ aa weB aa many other apecific in- 
feetiona may cauae aplenomegi^v elteh i»teh char- 



iKirriiiiCtc iprwwt or ch«n 4 |r!k (or ear’ll 

dManc. Malaria: Svniiu«»; TiWAiirtosi!*; 
Tit mum m Et. 

Tlw* ^plf^ w invoKied in t^rrlAm \\\^ of 

mml fnrlAboli^ift aihI frc^urntly th«^ of w|ir^ 

< kind^ ol ilrgrarmiofi Rhen Am\lt«tdo>kU. !»<•- 

Stiiiibrti. in diMjrd«*r«« of lipid aU- 

nornml kind*^ or Ainonni«» oi 1»t niA^ appear in ron* 
tir«ii<»ri wifh (#«ti«*hrrV dii«r‘jM*, fhe lM’‘r4’dtTarv 
Neimann-rnk di»w‘a>r, and others. Str l.u*in Mr- 

tUi llir <^i»lrrn noriiKilU aid- in ihr dr-utn 
tioii of ^orn ^iir r«*fl MihmI rfIN nrMl, un<l*'r 
1 4»ruiilion-. in llo* forinatton <»f rrd » tdl- i! not 
’m*'«>m;n»»n l*> find invoKrinrnt tit hl<MMf di** 

ord^’f- -urh a- -irklrtrll iinrnuAK roriprnital hi*iiio^ 
htlr tatindit 4*. and Mf'ditftranr'aii 

anririia. Srr HtM\tuunj« iMHOiintu-, 

Tbr U-ukr'iiiia-, r-pmalt> wKrn .4 ihr Kinpho- 

• >tji of nrutrr>|dith«' varirfir*^, < attni^ <4 the 

ino«i pKiniinrnt raM''^ ot -pionitinrifaN uh htII 
>llo*r 1 ft an In rn«rli«id l«*i»krinia. for in»ttimi". 
-pli'i'n Vfcf-iyltt «»t fitMHt ^raro'if i'* not rarr and 

rhr -jdrrn tnav Ml ihr mtiro alalortM n. 

M \ pri «(4» iii-in I" an dtMod«*i in whii h 

♦ Ml rnoro i 4 tin* fdo/al iidi tvpr*' aif* 4 <«»lft»>od 

Iti rv* «■-•' Pninars Iin oplrnl-rn rr-uh- hoin iiii- 
knoHfi ofidan pi r *p|/'*iiMin mav fo| 

l'*u tnHainrnattir \ dwna-i*-. ch.onii i or 

ftoitoi inva«^ii^n. 

I iinii^r- t»n){Miatini: in thr -p|r#'n air lair and 
)trnttr*d io h iirnii^n j^niomh^ a* lo'fimn 
iiioota*. U inphanpiorna-. and (it»iofna-, Imsi rittiliA' 
nanl Urnplnona* and iMupho .r»omif* rtl**# *m < nr 
>o» •iiidar\ itjinor-. h original#' r*Uf»vlnMr and 
rn«*taHiawi/r (o ih«* •<pl«o-n. ari" not ttiu orotnon, par 

tni4«irl\ nhori «4 th** Urnphoina lifotip. f yjiri vati#’ 
li^fk ar»^ »‘r*f*n oftm and inrliid»* «'ar< inoma*^. 
partirnlarlv idthrr ftorn a •^imirn ir ^a^ion or 

from tucroHth in th*** i>ri|Kl4>orinK ^lomarh or in 

Trauma t«» ihf -.plmi i«» rwori* roinnioti thnn 
l>f*#’trd and ihn # f»ii*w »pirrH f*- of nipfurr of ibr 
organ ari* idlfm friigt** lo-ratiMr llii-* ma% *• Mow an 
apparr*ntU moc)«-r air* abdominal in>tir\. 

Many otimr conditions prodn^r splrnk < bangr. 
notably *ipl«*iiom<»gal> *4 s. uiir dr*grrv. I Ik prrvin c 
of an miatgiHl spleen indi* aifs tbaf » thotongb 
dtafcnof*tir rvabiution ^-hould lie made. Srr 
SrLM.*<, f 

SpiinM 

A wirs* of proin tiims and al«U ti«fted* instead of a 
kr> In prcfvetfl relalive roiaiiofi of ^vlindriraily 
filled machine part*. SpUiiea are arveral pfnjficthifit 
marhined chi the ^kaft ; the ahafi fila into a maiinK 
iRire railed a apitnc fitting, Splinei^ are made in |m« 
Icmna: fMfuarr and inenlute fa^ iliualfatedl. Since 
there are urireral fwroiectioiia f integral kryaf to 
ahare the loret in tranamininf poieer, the apitnen 
ean he ahaUbw, fherdky not weahming the A^H aa 
murh aa wmid a ataadai^ 



Squora »plina» ond profile of invotwia iplina, 

S4|uarr splines ha\e 4. fi. 10, m 1(> yplineA, The 
rsirrottl intri (idiafl^ may have thr fikplineii formed 
b% mtllttig and the internal part (inHe i by liroacb* 
ing. Three clauses «4 are used: sliding ta» for 
gear 4iiftingt under load, sliding when not loaded, 
and periiianriit fit. Siptare splineM have l>een uaed 
e\icn»'i\t4\ lot mat bine paiu. In the automotive 
irrdnstrv. Mfiiare spline* ba\e been replat ed gener* 
ailv b\ invtduie splines* whit ii ct»*t less to make ae- 
> unifrdy bn gtHnl fit and iiitrrcbafigrability . 

Inwdiile nplinr* ate used !«» prevent relativ** lola*^ 
lion t4 « ylindiM ally filled marhine purls and have 
th«* sariu funt'iiorial tharatieiiHlics a* srpiarr 
sfdinc* The involute spline, however. i« like an in* 
mobile gear, and ibr spline filling (inlernal part) 
is bkr a nulling inlerriHl gear. IMtdiles are the aame 
a- for gear leelb of fhe sliib f fractional pile b 1 
fo(iu with 10 (itessute nng)«*. 

Invtdufr splines on file whaft ,iie generated bv a 
bob < t I gear shaper, and internal aplitiea are 
formed bv a broa< b mi a gear shaper. I'bree claanea 
of fji are «^l-4ndiird: sliding. « lOse. and press, 

fnvoJuir M*rratioiis are stinilar lo iiunbite apiinea 
ey<ept lluil the pressure angle ia and„ white 
tlieir are ibiee standard fit* (lcH»*e, cb»ae, and 
pteftfti. serfaliotis are ustially press fitted and itaed 
for permaneiil ns*entblv. They are used fur Inith 
parallel and laprrect shafts, 5ce Mac M|si; KKV. 

(IMI.II.] 

/bVi/rogfirpAv : American Standards Aamr iation. 
huoititt Sf}Iiar%, Aide Aen/iiig. IIS. 1% 19S0; ASA. 
hnoi/ifr S^/^rnriionn, 1151^0 P/SO; ASA, Innduir 

tmd ration fwigeii and C/igirtg, BS..)) 

Spodumem 

The n4n>«: |tiv4*n Oi** moncH'liiti.- liihium ffyrnsmui 
LiAliSiO, t;. SiKMiumirnir •ommnitiy ttacura w 
while t.» \r|t(.wi«h firi.miilir rry.tiiU, oftm with • 
‘■v4kkI>" sppmranro', ««hihilin|ii ihe'H?* pyruneatt 
0)0) <:lonv«ge.. It to naMily identihm) 4utinff lw«l« 
inft in a flamn hy tlie rH rotor given off, arcon* 
pttnir4 h> a markrd .wotting of the frngntml. Spod- 
ummr u»uail>r ronlaiiM an atrptvriabie qiMMittiy of 
hydrogm .utMlituling for tilbium. At 7Z0'‘C, itppdv- 
mirnf’ invert* to a iHragonat form, ^apodnmene, 
wbi<'h )« aMuonpanind by a 90% inr-neaae in vntiime. 
Spodummo i. capable of fortning ianMWM! t-ryt*Min 
in nature. A aingle rryatal 47 ft in length nad 6 ft 
in diantrter, and other* almoat aa latsa, have bMn 
found at the Etta mine in South Dalrnuu Thi» bn> 
ptiea tb« mwarbable nbflby ot o tdngb cryatgl to 
ropUce a large varkljr of pnevtaling mliwrib Mid 



ipn f 

yet ineintAtn the integrity of a aingir rryi^at, a 
cryatal growth that i« unequaled elaewhere in na- 
ture, S^e Pyroxknk, 

Sp«Hlufnene ia uaually found aa a ronatituent in 
reiiain granitir peaniutiteM in a»**»4M:iaiic»n with 
quartac, alkali feldHpart«. mica. I>pr\t, phinphates^ 
and a large variety of rare mineruift. It i«» aUo 
known l« ^K:^lJr an di^^neminated griiiriH in Hfune 
granite grieisAen, Spodumene often alters to a 
fibroijA nias« composed of eu<:r\plile l.iAISiO* and 
alhite. or eio-ryplile and musrovile. The emerald- 
green variety, hidderitte. and a lilac variety, kiin/- 
ile. are used as precious stones. Spodumene from 
pegmatites is used as an ore for lithium. See I.itii- 
II M. ju.w.n. l 

sponge 

Any «»f alioijf -pecies comprising the phvliim 

INirifera. F.xcepi for a frcMh- water family of ISO 
species, all are marine. Three classes are recog. 
ni'/crd. based on skeletal tvpe. The skeletims of the 
class (laharea have I*. .T, or 'Vbraru'hed spicules 
of calciutii carbonate. Most <»f fliesc li\e in shalbiw 
water, arc Ii-^h than 0 in. long, and are relatively 
simple. The glass sponges, class f|exa<‘linelliria. 
have feraved spicules of siliceous material, ar- 
ranged either separately or in bunches. The bath 
sponges, class Drinosporigiac. tvpicalK have sotiie 
fibrous material, called spongiii, in their skeletons. 
Utiwrver. they mav luck either spoitgin, spicules, 
or both. Tlie fresh water sponges also belong to 
this class. 

Economic importance. Mihough now largely 

replaced hv synthetii' materials, spfinges are still 
of some commercial importance. Mo-t hath spemges 
<*ome from the (iulf of Mexico. especiall\ that jiart 
bordering Fhiridu and the Wc«t Indies. .Sponge 
farming is prai^ticed in the Huhanias hv «'iittirig up 
large sponges and (duiiting the small pieces in 
favorable habitats. There is also a substantial I'om- 
mercial production «»f s|Mmges in the Mediterra- 
nean Seii» where the (Greeks have harvested them 
for ceiuuries. 

Biolotical slgnificanco. In atldiiion to their 
commercial use, sponges are 4>f inierefil to hiolo- 
gistK because of their simple .structure. 4»rgantza- 
tton, and regenerative powers. Sp4inge« also serve 
AM homes for large numbers of small marine ani- 
maU. A very large sponge mav shelter more than 
16.000 animals, nmstiv small shrimp and crabs, but 
also a wide variety of tuher invertebrates and 
fi9»hes. 

Sin gfld StniCtuni. St^mges vary in aixe from 1 
mm to 6 ft in diameter. They are moMly asymmetri- 
cal. but a few. for example the large vaselike 
forma, ahow radial avmmetry. Stvme are flat, many 
are globular, and tethers are branched. Motrt 
Apongea are drab in color, but some are yellow, red, 
blue, or black. In the sea they are found from low 
tide to a depth of mile«i. 

Spongea are the aimpleai of the many-celled 
animalt. closely remnbling imme of the colonial 
flagellate Protoaoa. Their organisation ia that of a 
looae aggregate of irellii without definite germ 



Types of sponge, (o) ftegodre/fo, gloss sponge, class 
Hexoctinellido (offer lonireffer); (b) Polttrion, Nep- 
tune's goblet, cipss Demospongioe; (c) iuspongia, both 
sponge, doss dbmospongioe; Scypho (formerly 
called Sycon), class Coicareo (offer Lonk^ster); (e) Mi 
crocfono, class Demospongioe; (f) Halidona, encrust- 
ing sponge, class Demospongioe. (from T. I. Sforer 
and R. L. Uungnr, General Zoology, 3d od . McGrow 
Hili New York, 1957) 

laycTH. A simple npniigc has an milcr lu\rr of 
N^unewhat genera I i/.c4l < cIK '•up|u»rling a laver f»f 
• idlar if'll". ciU'h hearing a Hagcihirn. P»*rc- 
ihinugh the Inidv wall permit lh<* pas^agt* •>! 
intii the inner cavii\. or -«|i<tng4M-4i»‘l. fh«- currcfit 
being fTcated h\ the heating «d the flagella. Wafer 
exits hv means i»f a large trrmrflai «»pening the 
4iM'iihim. M4ire I'ornpiex s|,i,iriges sIioh eJalinrate 
mf>4liri4'atiimH of the wat^'r cinnlalinri -v^teiti. 
Plankton trajipcd hv the flagella are eiihiu digesu-d 
< 4»|lar l elU tir passed t4i a nrurhv < ell 
Reproduction. Kcfirodmtion o<*curs s^xnallv, 
hv hiiddirig. hv gcrnmulc formation (a tv pc of in 
lerrial budding f. »»r hv regeneration. Sponge ee|U 
have remarkable regenerative lafuiiitv. Sp,in^#- 
icIN regriMip tti f4urii new aniinaU even when 
rubbed through s< rcening sjlk. Most sponges arc 
hennaphriidirii'. hut male and female celU are 
seldom produi'cd at the same time, flenerali/ed 
hodv-wall cells |>ecome modififMl into g.inietc-. The 
egg remains in the br>dv wall where it begins d«*- 
vehipmenl after fertiltaathm. The emhrvo develops 
iitt4> a cluster 4»f cell!*. Mime of whh'h have flagella. 
After its escajie fr4»m the parent, the embryo is 
free- swimming for a period, then inverts, the flagel- 
lated cfdlar cells thus lieirig turrufd inside. .SfMin it 
attaches itself to a solid substrate and matures 
into an adult. .See Porukra: Rixsakration iriol- 
ogy). [j.d.b.1 

^xMToboloinycetales 

An order of fungi whoae taxonomic pofi^ition hafi 
long been in dtiubt. There i» now evidence that they 
belong to the c|a<u4 Baaidiomycetejv. The 4vingle fam- 
ily Stmrobolfimycelaceae contains six genera. Spa- 
robohmyrrs. Buliera^ TUIrtiopsis, luntonJiia, Spo- 
ridioholus^ and Dacromyres. Only the first two gen- 
era are clearly yeaatlike; the othera are moldlike. 
The family ia characterixed by the formation of 
mycelium, paeudomycetium. aidl-budding yeast 
4'ella. Some of the vegetative celU form aerial 
aterigmata upon which the aextial bafh.qoapares fa 
type of baaidioaporea) are formed. When maltire. 


tlnr fcporn* are di«)eharged with areal iotct hy a 
dr«>|p^rairetk»n meckaai!^, Iti the arnuw 
hi^hmyrr^ the baliUtuf^p^^re*!. dre aatymmetrtral 
i»r kidnei tdiaiHHlK whrrrai^ in Bw/iera thr\ 
art ^immrtrkal <o\al ur A}»hm« al >. In additii*n, 
ihr ie^* <*f SpHtrr>Mom}€r$ ari* pink or «»ttini«vn' 
rnlMfed. ihr ifuiirttt i^imniM o(«>re(l lo pair \rUim. 
The% inav hr r4»n«icler<^ the ^taae1i» «»| 

rorr»“'^|H*ndina Hhiniotofitfa Spf^^ ie«<* of Initli 

have huddiiia <'eib und all <»pe« ie>« nre 
Mflttlv o\Kiali>e .Srr 1 ^ t 

\H ) V ] 

: i I mld^r »iid \ J Vl . Krt-jrtT 
Kij. Thr } rasix fj Tuxtituwui I'*"'** 

Sporotrichosis 

\ HIM i>fi« iiiffM lion id man < ati-rj h\ hstm 

, hf fnkn. a ItiffifsuH ihal i** v% (»r Id tsidr in di**^(nl»ii 
ii»»n I hi- h.«- }-Mlaler| Imm iimhn. 

pl.iiii-, and -oil 1 1ll* df-#M^i* i- iko-i lii^jiiredK -i rn 

If' taioo'i- and h^n li< :;ltut ivt» \^hu ti*-nah> (piin- 
fhr l*\ icMurinu hitj^rr «*f hand v«ilh 

4 <>ritarMtii4>lr i| pLiti} rnali'rMi- Thr- (rtifiuiM h*-i»»n 
>Mlh»i» '2 H fulloviin^ inlrifdiit Inn) 

.•t ihr* iMfijcu- iiilo Iht* h--w*' and appr ar- a- ,\ hard 
OMflxh' k%hj' 1. I- pink in » »*Ior i ri .'id«nitl\ , ihi* lr''*n»»i 
ftno'" iJatki’r in < »dor vtnd nnd»'r ffoi'- fo'i r<,«|<» 
v^ith di-f hai^i' oi purnlrnl rnalr*riul *!hi'« lr'-ii*n 1*1 
ii'h^rr^d l<« t- 1 -p^rMt 1 n hutn ^huini** tin* in 
h*|H»n noinrron- niulnlr- arr -em in 

d»%r|op ihifij; f||f iMnphahi • haih <d thi* aim 
d'M*- th« di'*i*a-‘»* hrvond ihi** lorrn 

\l!h»»*n;h lh»' prirnarv le-nni in.iv tin* -i’* ond 

ar. n<*diih'- irniv h>r month- to yrtu^ if 

lin! r |•a*♦ «l. 

^Itomttuhum Mhfn*ktt »*• a dipha^n i*uij;n'* 
h*‘ni^ .1 inohi in nnluff\ ImiI hi** oimn}. a liiiddini^ 
M'a-? v%f»#*ri I'fovkin^ in fi-«-ui* Althoiifh if »- yr^t\ 
diitn ijlt to di*mon-tr»itr dtr- of|jam-in in hi-i“li*i;i 
» a! prrjirtr.ition- of pn- ^*r it t*** ii adtlv 

« nl(iir«*d on niii-t ].d»oratorv rnr*fha h« n irn»< »i 
lated in ^dmo-n iv-lin** ld»HKfi aj^ar and iin nhatid 
at d7 {„ the veaM pha-a* ‘»#*en. VI hen 
are jn« rdmied at roi»ni tempenilurr the m»dd phrt“r. 
vihn h s« h‘jf! r»» fdio k ni i <dof and leaih^ * - in i on 
»i-«ienf \. i*- tdilaini'd. 

iodide ^tven oraHv i* the dnijf of 
I'hoMr. and it -houW lontinneff for vneral 
week* fidhkwinii I'linfral r«*iover>. .See My<omk.>. 
MHM< ' I l> l« 1 

Sporozoa 

A ti.iiKphvl{tm of the phyhirn Protr^itoa T1ifr*r ani- 
maU lead an entirelv paraHith exiMerne. 'Hie la« k 
of organs t^f he'omotion snnh a** tweiwlopod^. rilia, 
f*r flagella dixtinguiidie^ ihw group from fhr other 
suhphvla. \o firuriare iiv pre^nt ft>f the < apture or 
ingestion of food partUde*. Niifrients are obtained 
in Ihpiid form by endcHnnwis. Propagatmn r* l#v the 
formaikun of more or hard'^belled reMMani 
f^porc^v inaide of which cither ajeklc'«hipf<l apitrte 
xmie* or an amehoMl apnropliwBi drvelofw. After fa- 
cape fwmi the aporca, theae infeclirc afagca hrcotne 
pma^ io a tiew baal. 


Originally, itie imiHsriaiH'C of the aptkma waa am- 
phaataad: however, it waa rralfacd llimi the aporca 
gregariiies and ctMH tdiatia are not InmiidtHliMI* 
with Ihoac of the Myxaiip<(iridia. Ptindamenlal dif* 
irtrmrn in the lilr cvrles were al»o known* With 
the ehii'idatton of th<' general life htMortcA of the 
malarial and reiatfni paiaMii^ii, the role of the tN|Kire 
MAh dt^fn}diasi/e<|. It noieti that with the inter' 
ici tion of an inlenm^fiale host in- the life hiapirv of 
the parasite^ the neirs^itv h»r wai- elitni- 

nated. Km|>basiH %va«« «^htfied to the t>piiroa<dte# a« 
rhe infeitive stage iire»tWH live »d how they were 
ptodm r^i. Thii^ V N'haiiditin protwised the sulndaiM- 
Trlospofulia to i ru lode the llaeinoHporidtida. Cre> 
gantitda. and 0>ecddia and the MiheiaHs NtH>s|H»ri. 
dM t«» <fnnt»nse the \|\ ruspondia, Mb ro«tM»ridia, 
Afid A« tinoinv xidia. whose i^pores hear polar eap^ 
stdr‘s for these reasons, it is diflu'iih tn i hararter 
i/r the sithphvliiin .'spriftf/oa. Still to lie fnetiiionetl 
are sui h heterogeneoiis grotifis surh as the Hrli‘ 

4 ospcirnla. Hifhrsio, 7’ntn/»/rtjon<i. Onrty- 

/n.vo/iof, ufid other forms tin Inded in the 
l*))e pre-'er(t|\ < ons|ititlei| Aiiliphvliim StmroiiKMi ran 
Irr* KM M|£iufrd muK 4** an as*.rinld»tge of inirrootgan* 
isfo*. of do rise ougiro W'liose only Imnd is that ail 
are parasiso and t»rmlme spores or are reialed to 
foriif* that <io 

Taxonomy. I'he Spuro/na |S <tlvMled tnOi three 
• lasers, the rrh--.p4if idea, f 'iiidns|a*i idea. a«d Ami* 
doi^lH.r idea. Ihe *1 e|osp«>ridea are the most tvpiral 
'^pMro/oa l.i'i au--e iheir life 1 vi Irs offer A gotwl Imh 
am e |m«a It’ll SI hi]fikgf»riv nnd atMiiogotty. llteir 
sfiores lai k fiohir 1 ap-ole^. and the stMironaife* ate 
formed tnside them eioept m the Haernos|mridiidai 
( Viidos|H»tidea have •Kporetf with polm eapsiiles; 
hrtwever it feriiii/iilton tt not followed hy 

«<pofr»g*»nv A« ritdnsporide.f pi«>diH*e stHires with fita- 

rneiits ar^d v^ithMiil polar » apstili-s, 

Nuintiofl. Most ^p«iro//<a an* saproroir, ititrar eh 
hj|.‘if parasiirs, that is. fhev me noiir<shf*<l hy direci 

alisotpljon of the litpiefieid pniNtplasm of the httsi, 
«»r of ii-i fottd in Mdotion, thttnigh their «;ell walls 
or menihrane*' Ihe trophoiAoitei- of the rnkroayarri 
dian Aovema non//o//4. lomevei. Ingest ao|2d parti' 

tie.* of their host, the inwoKporidian Stthn^iotpotn 
putxmof fkho \ siodv with the ele.« iron iiih*roM’0|»e 
has revealed that i^i*turi 4 nfium re/i'/irtm. a tnttlarial 
parasite of birds, tdnehes off hits of the eytopla^m 
of the host 4 ell irifo invaginations 4^ its. cell menv 
hrane and digests thrmi in the ftKid varuolea an 
forrnr*d. a jirmess for whhh the name (dtagolmpitv 
wa** jffOp^iaed, ft is p<Msilde that further Mtidv will 
irveal that S|H>r(*rA»a are rapalde of ingealimi of 
partinilaie fiMtd to a greater extent than formerly 
ftuppffaed. The vsta Iretonging to the r«rcridhtm 
Eimrrin nirex^^fSiku c*f the carpV intcatine, fmnd 
within the evtoplasm of My xrtefMrridig prcisiifniiliiy 
aflrr phagiK-yu^r^iA. are probably not digcMcd. 

Ufo CfdtMI*i The life of a sftoro/^iaji k bgakally a 
cycli?. or a «f«reotvprd arrie* of aUmgr# and ppne* 
which are repeated in the «ai»e erder m the 
nrvt rytitf. Ir» afgnilhranf^ ia the perpetuafitm of 
the afrcrHka tbrimgh fwprodm'thm tai 4 iUmnaAnmiim 
nf infiwtivc alagm. 



It 



microgam»ttts 


Ul« htilory of fimeno ichuborpi parasitic in tho in- 
tatfino of fho contipodo Irffiobiui. The contipoda in- 
QOtti oocysts from which the tporozoitoi ora libarotad 
in fh« infastine whera thay invada apithatiaf calls and 
davalop into trophozoitat. Trophozoites undergo 
ichitogeny with marozoitas raiulfing. Schizogony may 
ba rapaotad lavarol times. Soma marozoitas avantuolly 
tronsform into gomatocytas with fartilizotton ond zy- 
gote formation resulting. The zygote produces the 
oocyst in which sporoblasts and sporozoites are 
formed. Oocysts davalop outside the host's body and 
ora ingested by another centipede, (from T. 1. John 
and F. f. John, How to Know the Protozoa, Brown, 
1949 ) 

*rha ba?»ic life* ryrla of a typiral jiprriefi of Tala- 
aporldaa ronniHU of two phaisaH: the aeaxital, in 
which lhara in multiplication of pra.«timiahiy non- 
aaxual forme by echixogony, and. following echi- 
logony. nuiltiplicotinn of patently eaxtial forme b> 
aporngony. 

Tha divareity of Ufa cyclae among the Cnido- 
aporidaa makaa axianeiva ganaralimtion almoHt iin- 
poeaible, but it i« safe to way that »|H>rogrifiy doae 
not occur in ihia group, and that the infective 
atage which laavea the spore and liecomaa a trofiho* 
xoila in the new hoet is an ameboid sporoplaam, 
not an eJongata eporosoite capable of flexion and 
gliding rntmaiienta. So tar an the elasa Acnido- 
apotidee is concerned, too little is kncmn regarding 
the gfiintliaa and life cycle* in Its subclass Sarco- 
aporidia, and knowledge concerning the life cycJcm 


for species of the subclass Haplctepondia is meager, 
though it is known that true sporogony does not oc- 
cur and that in certain species an ameboid organ- 
ism escapes from the spore after it is ingested hy a 
new host. 

Oiatributioil. The hosts of Sporoxoa include rep- 
resentatives of practically every branch of the ani- 
mal kingdom. Gregarines are known to occur in 
coelenterates* echinoderms. flat worms, annelids. 
arthrofUKls. mollusks, and certain lower chordates. 
Hyperparasitism is not unknown. For example, the 
mirroHporidian Aosemo hr^lminthorum is parasitic 
in the tafiewornis Mnniezia expanse and Monieiia 
henedrni which iafest the intestines of sheep. Sev- 
eral either species M the same genus are known to 
paraMiiizc other parasitic protozoa such as riliates. 
epphaiine or ai ephalirie gregarines, and myxosiniri- 
dians, .^ince the host range of a particular sporo- 
zoan spci’ic'* extremely limited. Sponmi^H are 
said to exhibit a high degree of host-specificity. 
.See Ai NiDitseoRfur.s; CNiDoseoKiut^A ; Pkoto/oa; 
Tr.i.osi»oRii>r.A. ! k.r.bk. 1 

Spot welding 

A resiMtance-weldiiig process in which coalescence 
is firodiired hv llic flow' of elertrir current through 
the resistance of metals held logeihgr under pres 
sure. \ low-voltage, high-current eiiergv source is 
reipiired ('•ee Fig. ll. l-sunll> the upper electrode 
moves and afiplifs the clamping force. Pressure 
must he maintaincfi at all times during the heating 
c\cle to prevent flashing at the electrode faces. 
Kle<-trodes are water-ciNiled and are made ol cop- 
t»er alloys, because pure copper is soft and deforms 
under pressure. Sre RksIsTanck wki.ium.. 

The electric current flfiws through at least seven 
resistances connected in series for any one weld. 
They are 1 1) iipfier electrode, l2l contact l>etween 
upper electrode and up|>er s*heet. 1 3) body of 
upper -slieel. (4) contact lietween interfaces of 
sheets, (3) Imdy of hmer sheet, (61 contact lie- 
tween low'er .sheet and ele^'lrode, and (7l lower 
electrode (see Fig, 21. Heat generated in each of 
the seven s#*rtions will be in protmrtion to the re- 
sistance of eai'h. The greatest re.sisUince is at the 
interfaces (41 and heat is most rapidly developed 
there. The liquid-cooled elet'trodes 1 and 7 rapidly 
dissipate itie heat generated at the contact between 
electrodes and sheets 2 and 6 and thus contain the 



Fig. T. Spot-wwMhig drcvll. When elgcfrodat wo 
cloaad on th* wof kpi ac g ^ tha dreuih h g g gi p l fd lor 




1^. 7. OlftIribMtioii of iemp«Frotur« ki locol 4num> 
b«r#d^ •l•fn•nh of o tpof^wolding opoiotioo 



F19 3 ftow of Koo( through both oloctrodoi ond fho 
workpioco in ipot wold it mdicotod by arrow% 


mrtal th<it hearted tn liinMin (rmprraiiirr at thr- 

\fl#*r the* mrtaU hate* lw*rn hj*n*d roi^fthrr. tbr 
rlrrfriKlf^ ii«^uall> rrmain m plurr* «uflu irnti> U»ng 
In <onI ih<* wrW iH#»e Fig. .ii. An rac upturn !» in 
wrMing qweiK h'«4*n^itivr mrtaU, whoro it in dr- 
Hirahlf* In rtf*movr thr a^ «MKin an pnn- 

«iblc» to allow tho heal to be rondurlrd in the aur 
rounding tnetal. preventing aieep (|ttenrh gradirntn 
5ee Wi LDinre APftt ^ rmwc or atriAi <• ’ r r.i„] 

Sfwtted fever, Rocky Moui^n 

An acute, infertioua, t>t)ihn<iHkr divetae of man 
cauaed by nr kettaialibr mirrrM,r|(anwm«, Rirkrtt- 
Mia rirkrttsii. and tramunitted by aperkw uf iaodid. 
or hard-»beil«d. tick* (see A« aniNA). The dnteate 
i« now often called American apolted (ever becauae 
it ia found in bodi North and South America. The 
frrimary cycle in nattire involve* chb*^ rodenta, 
harea and rabbita and doita in aome arena plua the 
opoMttin and cavy in Braiil. toRetber with the ap< 
propriaie tklw which infeat them. The infection in 
thew anhnala hi moatly inapperent. In the labora* 
tory, however, guinea pifa develop lever, inlninino* 
tiott of tealea aa4 aootal aweittnf in molea tedoei' 
ble hy prea a ur e, and often aioui^hinf of aenlMn, 
loot pmla, and oaen. fieiw aacm to he the reaemdr 
far dm hafaetfama neani. Sar RiatcrtMAusi. 


la Soitdi America, before the idoniiiy of the diia> 
eaae bad been proved, il wa« known m Sin Pinln 
eumthematic tvpbua ht Braail and Tobin fevw ia 
Gilomhia. Virulence variea in dUfereiit arnaa and 
adecta the clinical putute and mortality in aoMl. 
Incubatkia in area* with hiidiK virulent airalna 
mav he aa abort aa 2 A dava after tick attar’hmeni. 
Onaet ia audden with headache, rhilla. ht|ik fever 
to proatratiott. and apiwaram'e in .V-4 daya 

oi a meaalealike ratdi. The raah, appearinc initially 
on the (orearma and anklea, becomea maruhipapu- 
lar over the entire hodv including the paima and 
<ut|c*; in ihia reapet't. the development of the raah 
differ* from epidemic lyphtia. The temperature 
mav remain high for 2 weHtfi. falling gradually 
duiing the third week if death ha* not Mipervened. 



fig I A Mvara cota of Rocky Mevntoifl ipottod fovor 
<ginarroot, AAontono, UhA> illuitiotiop IntooM rath, ptm 
vom« nocrotiv on tolat of the foot (Rocky AAownfoin 
Loborofory) 

In inilcicr iliM‘a«e. incuhation ntnv lie I 2 week* 
and all KVinptoin* arc reduied in aeverlty; amhiila' 
tofv taw** tve licrn tetogniaed According to vir- 
ulent e nioriaiitv ha* vartf^ in different arena frrtm 
alHMii *> (U)';. Ijialing iitimoniiv loliow* recovery, 
and ret nidc'x'enr’e*. *«< h «* *e«*n in typfaua, are not 
lint'on, lli'Migh an inatame i* re|H,rted ol the ianla- 
tion o( a alrain from lymph nodea of a man one 
year after hi* re, nvery On the other hand, puero- 
oraani«iti* di«ap|»car from the liMuea of infected 
goiitca pig* while ,al*. and ground aquirrela in 
alM>iit a montli 

Rtfkftuia nckfUm exhibiia morphology and 
ataining characteriatica aiinilar to H. proVMUfkU, 
Tiic) grow in the tick in the cyioplaam end often 
in the nuclei of ail tv)>ea of cell*, including aperm. 
In mainmala, they oc< ur particularly in ceilg lining 
the walla of blood ve*a«|*. Growth in yolk fwc* of 
emhryonated chicken egg* b not aa Hch A* Wfth 
R. prnuatfka, but i* auftcient tv provide gntigen 
for vaccine* and aerologic te«i*. For over two doc* 
ade*. vaccine* were prepared from tiaauea of laho- 
raiorv- infected ticka, but at prearnt eomnHn'CiM 
vaccine* are proceMed from Inforted trolk aaca. 
Suaceptihillty to pbyaical and cfaenicat ggont*. In- 
cluding the broad-apo<Anmi antibioiica, la aimflar 
to the typbu* or(pinbni: honoe tnwfmeni it alao 
•imilar. Weil-FeUs OX}* agidatinlno Iktvdop dur- 
ing cottvaleacenee but oannot be uaed to dUferenif- 
ale between Infeetiona of the ty^uia and aptrtlad 
fever grrapa. .See PnoTgut; BtCKrrmoaii*. 

On the tnher hnnd, typhna and apnited favnr 
ag«ta are aepnrated by tiw eompieMWdbatlaB 
a^ aggindpation testai There fa confnaini '< t »e> 


14 Itv^r group 

fixation^ however, with other agenlA of the f>priftedl 
fever group, sa well am partial to complete rroAA* 
immunity in reci^verecl guinea pig». 

In the UnstedI Ktates, the tick veetorn to roan are 
Dermacmtor andt^rnoni in the We**! and Moithwent*^ 
ern Clanada, and D, vnriubUix and Amhlyomma 


* •♦v, ^ 



Fig. 2. Rickettsia rickettsii, cautoflve ogent of Rocky 
Mountain spotted fever in ttoined smear of infected 
yolk sac of chicken embryo. Extracellular, intracellular, 
and possibly intronuclear (because of holos around 
tome organisms) forms are depicted. (Photomicrograph 
by N. J Kramis) 



Fig. 3. Vactors of Rocky AAountoin ipottad fever to 
won In the United Stoles, (o) Oermocenfor andersoni. 
(h> 0. eprhbitis- (c) Amblyommo omericonum. Moiety 
left; femoles, right. (Fhotogroph by R, A. Cooley from 
R. 1. Rullee, Commurifcoble Dlseoses^ leo and Pebigt, 
I9J0> 


americanum in the Eaat and South* The rabbit ticks, 
Haemaphysaiis teporis-paluMris over the whole 
country, and D, parumapertus in the West, are 
probably of importance in natural maintenance. In 
Mexico, Rhipicrphalas sanguineus and probably 
Amhlyomma rajennense carry the infeirtion, and 
the latter Iteromes the principal vector in central 
and northern .South America. -See Tick. 

All of the alK»ve ticks have been found infet'ted 
in nature in their appropriate areax. hut mans 
other •ipeciex of ixialid tickx ran transmit the agent 
experimentally. Natural maintenance of infection 
occurs in four wayx: (1) female ticks pass the or- 
ganinriiH to a proportion of their progenv through 
the eggs; (2) inf^'ted. immature tickx fee<iing on 
siiscepiihle rodents start new lines of infection in 
4»lher. «iiniiituneoiisly>feeding ticks; (3) nonhii- 
man tick parasites, such as rabbit ticks, infect ro- 
dent h<»sts: and (4) infected males paH«-> the (»rgan- 
ism in their sperm to ova during fertili/.ation, and 
often male with more than one female. ir.ii.p ) 

Spotted fever group 

A term that includes several disease entities m 
man in various fiart'* of the world, canseil hv hat • 
terialike oignnisrns. the Kicketlsiae, 1'he tlisr.isc^ 
have in etimmon tran*«misvinn t<i man h\ \aMotis 
spe< ies of ticks or ceitaiti para'^iTit miles j 
A* AKl^.^ I'he Vl'eil-Felix OXi-, serologv is usualK 
positi\e, and the path<»gens art* «apuhle i»{ invading 
nui'lfsi of host lells. Included in the group are 
Hoclv Mountain spotted fever, fievre houlonneusc. 
several tick Ivfthuses. and rickettsialpox. The 
group i»f agents is often fdaced in a disiim t side 
genus or even .separate genus { Itermarentroxe 
nUSK >er' Fli:\Rg liUl 1i»NM-t ; KlfKKrisUMs; 
Hu KM ls|\| rox ; SpOriKiJ I IAHt, Rih K> Mtu \- 

IAIN; Tuk niTK fkvi:h. Sot tm Amu an; Tu k 
TYPHt s. Noriii QuEENStANn; Tu K lYrin s, .'sinr- 
RIW. If.B.e. i 

Spot-test analysis 

.A technique used in cpialitative chemical analysis 
to lest for ihe presence or absence of certain sub- 
stant'cs. Tests are jierformed hv adding u few drops 
of test reagent to a drop or particle of the un- 
known xiihstance on a Aupp<»rt. The iinknowm is 
identified hv the appearance of a characteri>*tic 
ctdor reaction. The let hnique is readilv adapted to 
field testing applications. It may Im* used to detect 
both ionic and molec^ilar substances. The advan- 
tages of the technique are simplicity, speed, and 
sensitivity. SVe Quai.itative i.hemicai, analysis. 

The support is chosen to permit easy detection of 
color changes during the test. Spot plate, watch 
glass, ash-free filter paper, or spot test paper (a 
thick and strongly ahaorbent papgri may be used. 
The spot plate is best made of colorless transp^<> 
enl glass sr» that any color change may be observed 
by placing it on a background of paper of suitably 
contracting color. 

Substancea that may interfere with the lest are 
sometimes separated by a method based .upf>n the 



iHtrtni ratal of mifratHm of the unknoiva and the 
inlerfering aubatancea through paper. Vaually, 
however, teparatioaa are avoided by uaing aequea* 
leriog. or maaking, ageota. Theae ronvert the in- 
terfering aubalancea into precipitatra or com- 
plexes that do not affect the tesU and consequently 
iifed oof be removed. 

The specificity of spot tests is improved by using 
sequestering agents, which lower the concentra- 
tions of the interfering substames. Sjh^i test spec- 
ificity is also improved b> controlling the pH 
of the Mdutions, 1 j 

Bihliofraphy : F. Feigl. Spitt Trsfs, 2 voU.. WW 

Spring (mechanical) 

A machine element (or **toring energy as a (unction 
of displacement The flvwheel. in contrast, is » 
mr inn for storing energ> a function of angular 
\elofit>. Force applied to a spring member causes 
II lo deflpit through a certain displacement thu^ 
rihs4>rhmg energy. 

\ «^pring riia\ ha^e anv shape and inav l>e made 
lr<»m rlasiic material. Fveii fluids « an U-havr 
a* foinpresnion -prings and acluulh do m fluid 
*>v*tem*». Moh| rnec|iani<al -•prings lake 
on -i'C< ihf and (atniliar hu« h a> lodiv, flat, 

or leaf All inerhaniral elements hehaw to 

Minie extent a** springs liecause of the eltt<.lic pr*ip 
eriicK of engineering materials. 

Digs of spiingl, Kneigv may Im- storerl m a 
spring for rnaiiv uses, to he released later, to l>e 
ah-orhed at the instant the energy first appears, 
and so on. 

t/oriie potter, (tne of the eailv and still thi m^isi 
frequent uses of springs is to supply motive 
power in a me< hanisrn. 0»mmon examples are 
rjwk and watch .springs, toy motors, ;.nd valve 
springs in auto engines In these, energy i'^ supplied 
to and stored in the spring bv applying a force 
through a suitable merhanism to deflec t or deform 
the spring. The energy is released from the spring 
by allowing it to push <as in the valve i i»r twist 
i as in a clm k I a mechanism through a re^piired 
displacement. 

Rt^iurn morion. A s|>e< iai case of the s;>tiiig as 
a source of motive power is its uims for rdurning 
displaced mechanisms to their sifiginal j:Mwfiion%. 
as in the d<K>r'ch>sing device, the spring on the ram 
follower for an open cam, and the spring as a 
counterbalance. To a certain extent the springs 
in our vehicles of transportation are in this cate- 
gory, They are designed to keep the car at a c ertain 
level whh respect to the road or rails, rf^iirning the 
vehicle to this position if displaced br eppHed 
forces. 

Shock absorbers. Frequently a spring in the form 
of a block of very elastic material such as rubber 
absorbs shocJL in a mechanism. For example, the 
four lega of a punch press raw on four blorka of 
rubber. The rubber pads prevent the die-cloatng 
inertia lorcea of Ae pma from tranafctriiif down 
thtxmfli die lego to ^ ffoor with impact or ham* 
nwr blow piwpoitioiia. WiA Ae rubber padb under 


the prma legs, the force, on the ffoor builds up rels* 
lively slowly and no Aork is evideiil. As ^ Sue* 
celeration of the die block goes to aero, the mertla 
force goes to aero and the rubber pad springs, 
which were deflexqed by the pnws blow, are re- 
laxed and ready for the next stroke of Ae presa 
die. The whole press movea up and down relative 
to the ftw, but by proper selection of the rubber 
pad the elastic constant is such that this motion is 
small. See Shock AOM>aat.it, 

Vibration control. Springs sejrvr an important 
function in vibration ( ontrol by supplying the nec- 
essary flexibility in the support of the vibrating 
Riahanism and the required opposing ffirces as a 
rcAult of their drfleciion. In conrrolling vibration* 
the Ittuly or mass of the mechanism must he freely 
siipporteii so as In generate forces opposing the 
vibrating forces. These op|K»sing forces lend to 
bring the sum of the forces on the yibrating bcnly 

f lot or leaf 


cooUlovar /> 



doflvirflae ferca 



Fig. 1. Flof or laof spring roApoiydt to parpandrcolor 
forcat in arfhar diraefien. 

to sero. Vibration absorbing mounts are available 
in a wide range of sizes and spring constants ti> 
meet most requirements. These do md prevent vb 
bralion, which is a function of sfHwd and the bal- 
ance of Ae mechanism, but rather they minimtoa 
its effect cm the machine frame of the mounting. 
See SHircK laoLATton. 

force meusurrmeni, Springs have temg been uaed 
in airopte weighing devices. Aecurate weighbig is 
usually aasociated whh dead weiidit Anflees or bab 
ances, but modern aprtog scales have rotehod wide 
acceptance and cj;rtifieaiion for commercial use. 
Extremely accurate spriiqpi tor heavy loadb are 
used to calibrate testteg maiAimsi and in acalei 
over enne hoAs for weighing matetial or do* 
vkes as Aey are hoisted, Carefolly eal0brated 





h«alt wUw 



(«) (b> 

Fig. 2. Helical ipring. (a) Wound tight to extend un- 
der axial tention. (6) Wound loose to contract under 
axial compression. 


HprinjytM an? in iiiMninirnlH wurh a?* r'lw’lrir 

frirU?r« and prrsHurc* 

Hi^tainuifi fin^s. \ rf»lali\rl\ rtnHlfrn niarhiiir 
part in whirli thr* nprini^ fiiricthin i'* iih<*cI an a hcdcl’ 
itiK iiirafiH llic rfiainiiiK nr •^nap rin^. Thi** clrvirr 
ia a Hplil ring nf mpiure*. n^rtaiiKtilar, nr Hprrial 
r.rnaM Hrriion. It IiIk in u t&movc* 4111 a r\ lirulrii al Hiir* 
(nr*e or in a horr* and ^iavn in fdarr* li> spring; 
fniTc*. A rrtaiiiinit ring prrvrnt-or rr^raiin^ rrlairvi* 
axial imdioii hetwmi a ^haft 4ir lii»ir ami tlir* i*oin- 
ponrntH on tin* nhafl t»r in tlir liiur. 

Typti of tpringi. .springs mav lir rIaHHifircl infti 

»4ix major Ivp**** arrording l«» llirir ^hapr*. TIh'M* arc 
Hat or Iraf. htdiral. ««piriiL lor^ion liar, di*<k. and 
(roiiHlaril fiiirt* springs. 

Flat or /#*«/ ^pr^ng. \ l«‘af spring i*» a brain of 
••anlilrvrr dr^ign nilh a driihrratrlv large del1e<'* 
lion under a loa<i (Fig. li. One emi 4if a |«*af 
spring i« nHually hrml> am'li<»rc*d to the frame «»f 
the machine and the lUher end linked to the mov- 
ing niuehine elemenlH hv a iwo-foree ( pin*ended ( 
link. Fci^rre may he tension or iMinipre^sion with no 
modific^ation of the design. Thin piish-ptill feature 
ix the great advantage of a IcNif ^|tring» plus the 
fa«'t that a relatively large amount of rnerg\ c-aii 
he Htored in a small spare^ 

//e/*r#i/ spring. The helic'al spring eonsisiH rs* 
Afutialiy of a har or wire of uniform ero^H sec- 
tion wound into a helix. The last turn or two at earh 
end of the spring is modified to a plane surfaer 
perpendirutar to the helix axis, and foree c^an then 
Ihc applied to put the helix in eomprrasion. The 
ends csf the spring helix may l>e nuKlified Into hooks 
or eyes so that a force may be applied in tension, 
in general it is nn essary to design helkal springs 
*M» that force may be transmitted either in tension 
oV in t'lvmpression but not both ways for the same 
spring (Fig, 2>. Where reversing forces invur in a 
spring mechanism, it is better to use a bar or 
l^f lipring and in fw>me cases a disk spring, 

Thf apirg/ apring. In a spiral spring, the spring 
bar or wire is wound in an aix*himed«s spiral in a 
plane. Each end of tiie spiral ts fastened fee ifae 
force applying link in the merhanjam. 


A spiral spring is iinicpie in that it may he de- 
flected in one of Iw4» wavs or a 1 lunhiiiation of both 
4>f thr*m (Fig. If the rods «d the spiral are de- 
flei’ted hv fon es perpendit ular t<» the '-piral plane, 
the spiral is dist4irtcd into a eonii al lu'lix. F«u Im‘|- 
ter •»tahililv and ease of appiving llo* f»»ri«*s. tin* 
spring often inadr us a eonica) helix to start with 
and i*^ tJi'flei led intii a plane ‘-piral. • 

A s|uriil spring nmv also have the forc»*s aei 
tangent to the spiial as in a 4‘|<»<'k spring. 1'lie 




Fig. 3, Spirol iprlng rmpofids to nwsbrHd 0r fremakt- 

IWH H I f rOrCOS* ^ > 





•pini i* woQDd quite open eml tlie tangeotiel force 
ia teiiMon on ilie •f^ tend* to dote the gop« 
iMstween itiiremive f um. Tlie spring behevee like a 
beam, bending U» a idioner radiii* of curvature and 
tkua Coring energy. 

forsfon 6tf/. A toraton bar spring cohmsIk easen^ 
taally of a abaft or bar of uniform section. It stores 
energy when one end is rotated relative to the other. 
It is used in the spring system of the chassis of mod* 
ern motor cars. Sre Torsion bam. 

Disk aprtnff. Where large force* are present and 
space IS at a premium, the disk spring nia> In* 
us#d. although it is usiialh expennive to design and 
build. It consists essentially of a di-^k or wadiei 
supported at the outer periphery by 4>ne force 
fdisiriljuted bv a stiitablc chuck or fodder) and 
an '>p|K>sing force on the center or hub of the di«k 
< Fig. ‘i*. For greater deflertions several di»ks ma> 
l^e stacked with the furi es fransmitletf from one to 
the nevt by inner and ou|f*r collars. 

(ionstani fnrrr 5pfi/tg. Maiiv inei*hanism» reipjire 
that a constant forrr lie applied regafdU‘«‘s id di» 
plai'eineni The counterbalancing of veiitcally mov- 
ing masses against the fop e of gra^it^ is a tv picul 
evarnt»le. The Neg'atoi spring of lliinler Spring 
CiK provides smh a constant force; it u-m-s a tight 
(Oil of flat -feel spring stock When the outer fier 
end is extended and the roil allowed to rotate on 
Its shaft or pintle, the spring presents a constant 
restoring fori e. 

Spring dMign. F.arh Iv|ie spring hai^ its sfiecial 

features and design refinements, Oimmori to nil 
lorm« of springs are the basic pioperliea of elastic 
materials. Within the elastic r.« ;ge of a material, 
the ratio of applietl force to resulting deflection i# 
constant Uee |f(ioKK\s i.AWf. Spring syfems can 
be designed to have a variable ratio. The ratio ia the 
spring rate or M ale and ha» the dimension of force 
per unit length. 
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fiq. 5. Corfwcfion foctor for curvofur# ond ib#or. 
(A M. Wahi, Macfiaokol Sprmgf, Panfon tuU($Mng 
Co., 1944) 


In a helical spring the elastic actfon atreaaea the 
wire in husioii. The following variables are aybjeet 


to the designer's action and drelnion ; 

fret* length /. mf»«lules of elasticity in 

mean diameter D Pusioii C 

wur dittfuetcr f/ tuimlier of active furrm /V 

allowable stress .S helix angle or coil pitch P 

apfdied load P deflrrljon at load P F 

spring rate k 

These variables are related by 

S^HPD/w^ ( 1 ) 

which neglects the effect nf coil curvature on the 
KtreH*. and by 

HPIPS^M^ ( 2 ) 


For springs subfiNi to fref|iieiil cycling aa g valve 
spring, the correciion farior for xrire ninrafure 
must lie included. The generally uaed crnrenlfon ia 
the factor proposed by A. M. Wahl. Intmdurlng 
this factor changes Ef|. f 1 ) to 

- (HPD/rtn [JJi “ ‘ + ' ■^] <9) 

in whirh C « D.'d. The portion in hmeiMt* i» 
WahlV ifli'ior K whewe mticfmwm •trewi i* K tinMM 
the loreiftnal MreK* (Fig. 

Variou* romhinetion* of spring dimeiMioA* for 
the variable* listed above will produM an aeeepUi' 
bte apring. tlaually the deaign fai cbielir limitod 1^ 
allowable atreiwi of materiab and apac*. 

Where eompreaaion and tenalon apriaga are cy> 
eled at wry hi|d> frequeneie*, aargiiif may onoae 
high local utreae and reaolt in enriy USigm inllore. 
Surging ia the inability of all pane «f ibn ofM^ 
to deflect at the aame rale due to tbg^hdMMM In* 
ertia in the orils This pbeimnenen ia ebanly a»’ 
aociated with the netural f re quen e y of Ae oprlag; . 
apringa abould be d e a igned ao tbtf tbnhr nntwal 
frequency nad eyelk rate am na fat apart aa 
practioaL {luax.] 

JMMiefrgpftyt AaNifcaa Smi and VIni. DM. 
riei. UJ. Siaal O s ai— y , Mmmri 9f gsW# 4»* 
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It , tprm9(wcrt«r) 

gineenng; AjiMoriat^d Spring G>rporatiMn. Hand- 
hook of M 0 *chanical Spring Uesign ; K, W. Maier. 
Your guide |r» npringn that ntor^ eri#*rgv l^rod. 
Eng.. 71 75 , Nov. 10 , I 95 H; A. M. Wahl. Sfrrhani^ 
ra! Springs, IV'W. 

Spring (water) 

A place where a rrmrcnl rated flo\% of around Hater 
rear'hew ttie land siirfa^ <• or dincliarges mio a |K»d> 
o{ «»iirfar*r water. .Springn iH-ur nhere the wat#*r la 
Idc In the land I ikewiMe where ihe 

pie/ornetrie Hurfa< e of ,in artesian aquifer '^tafui- 
allow the land <^uifa<e. water rna% i‘"'Or a- a Hpriiij: 
it a Miiilahle «-oridiiit h a» a fault oi a wolnijDit 
ehiinnel in availalde ihrou^li who h the griiund wa- 
lei ran reaeh lh«* laiul ■^urtiiee I srr (rliol M» w x- 
fliO. 

.SpririgH, ineliidirig ‘^oine h*'*'* » nm euirai'*d flows 
alno railed “er’p*. arr- file « hir l noiiirr* of llo* rliN- 
weather flow of uio-t of our streanis, rii<*\ lanne 
hetween exlieruelv wirle litnil'* liotn rneie /.«uiev of 
serjiage ahuig ri\ef .tiul poiirl harik^ lr» ‘•iror.h' or 
rnultifde orifi* e** lliat di'seharge hundred^ i»i niil- 
lirui'^ of gallons of wai#-f pr'i rla\. spring- mav 
r'laiH^ilied also |»\ hihIi rhai'ar lerisiirs as mineral 
eorileni of ilie vvati*r. lempruaturr*. gr*ologii stm, 
lure, and peiiorin it\ of flow. 

riie Lilgesi singl*' spiiug ill ihe I lilted Utah's 
prohahiv .S|l\er Spring*r in I'loiiria. wlii«li lias an 
average flow id moir' than 700,000.000 gal rlav. Ihe 
water iHsut's from lirneMtruie into a pool and then 
(lows to ilir* sea in *i sj/alde river (»iaiil Springs m 
Montana issues fioiii sandstone and has a disrharge 
of neails MM).000,0<IO gal dav. liig Npiing in Mis- 
soiii! disf harges neailv d00,000.000 gal »iav tioin a 
limestone aquifei (lomal Spiings m li'sas dis- 
• haiges a similar amount finm a limestone .iquiter. 
the wat»*r hf’irig liKuight to the surtaee hv a large 
fault whifh pi'ovitles a eoriduil. (iroiips of springs 
siieh as Malad Sjuings m Idaho discharge more than 
700,U00,<M»0 gal <lav, and the riitMisaml Springs in 
Idaho disi harge ahont .’^50.000,000 gal.Mlav fi*>m 
lavas of the Snake Ki\f‘r IMain. fx.N.s. 1 

Springtaii 

’\nv rnemliet of the iiiseei ivrder (lolleinhota. The 
'»pt'ingtails are piirnitive. wingless insect^ with no 
metamor)>hosi<^ Ihev are tmisilv le^is than in. 
long and have chewing mutitliiiarts. Thev aie char- 
acteii/ed hv a (tei uliai spring tail, an exlensi<in of 
the ventral surface of the fourth abdominal seg- 
ment, which is Indd in jdace on the undei'^ide of 
the abdomen bv a catch. When the sfiring is re- 



7K# gprinpHiih a pfimitivre, iniect. 


k*ased, the little inM?Tt in catapulted for some div 
tance through the air. A tnhe. or «'ollophore, on the 
ventral surfare oi the jn.^ect seereleii a sticky stjh- 
stance which enables the .springtaii to cling to 
Hfiiooth surfaces. 

.Springlails someiinnes iMciir in great numbers 
on the surface of stagnant walei, in decaying 
vegetation, and in damp, dark places, such as 
iniishroorn houses, fbuierallv of no ifnp»>rtarice, 
thev inav damage niushroonis and. raielv. garden 
I rop-^. rhev are 4 *asil\ C 4 inti«dled with nUemnie or 
ni< «»tine sulf^ite. .Sec ( air.i.t Minii.x. .'j.n.H. < 

Sprinkler, automatic 

A safelv s\..ieiM iisimI to jireviuit !h«* spi»-a<i of tires 
\n :Mit'»mali< spunkier s\,t,-m is iisiiallv installed 
insidr- a building as illustrated, altliough spiinkleis 
niiiv also lu* iiist«ilied «iufside tor t»i ulei I i<Mi against 
♦•sposure flit's. 


*fctfe«l mam 


street hydrants 



spont^le* 

shutoff 


street valve 
check volve 
>^V#rd mom 
' .^mam tonfrol volvr 
t ,r elevoted water 
fonk 

^tijUi^tonk control 
vcilves 


/ 
tank 

check vnfve 


Typical automatic sprinkler installation. From F, S. 
Merritt, ecf.. Building Construction Hondbook, McGrow- 

Hili 1958) 


flornnion iMloin.itii' sprinkler svsp'm- are wet 
|dpe. ilrv jupe. pictotion. and deluge. In a wet 
pipe s\, trill, the jiifies ciuitiiin water and are con- 
necteii to an ample w.uer supplv. Individual sprin- 
kler heads are norma 1 1\ closed and ate preset to 
open. U'iuallv h\ ihe melting of an allov insert, 
when the b»ral tempeialure reaches between 1.15 
1<>5 F for area'i having normal atmospheric tem- 
peratures. Thii<, the sprinkleis dis* harge i»nlv in 
the aiea of a fire and in adjacent areas where hot 
fumes ctdiect. An alarm iiiav he included that is 
adjusted to sound when the water flt»w to the sv**- 
tern e<juals or exceeds the discharge from one 
-prinkler. 

In a dry pipe system, the sprinkler pipes con- 
tain air under firesmire. The opening of a sprinkler 
alloHH the air it> escape and water to enter the 
svsTem and to discharge from the sprinkler. Dry 
pipe systems are used in tiiiheated buildings such as 
warehouse'*, In other respect® they are similar 

wet pi|W' system-. 

In preaction^anii in deluge sf sterna, s^eparaie 
heat responsive devices in the tugme area aa the 



admit water to the normally di> .^priiv 
kh'f |;*>p**^l** when a fire mTtirN. Thr pieaition s^*** 
!*m t>rovide*i* warning l^eforr thr «>|ir inkier lt»Md«^ 
.^peiair. In the delude Hv^ein, all ^prinkltM'^ are 
i*|»en >i> that water diM'harj^t*^ proin|:»th to 
"firrad of fire in a ha/ardou*' I'lie heat 

e «ie\ii r ina> aUo ««tund an alarm. 

l.*<al file I odes varv lonsiderahlv s«i ihat a tdfin 
{*.r an jotornatie sprinkler sN^trm should he ap- 

;‘iovf'fj h^ !•»* a) aiifh»»rili#*s i'nfis||'i}i'{|^»fi 

-taif' Insiiranee rales are tisualh appreei.ihh 
i.'Vier ‘Ot hiiildinirs having sprinkli^r s\s(4|yi^ :tp- 
p!o\»'i| h\ ihe underwiitrt. » .M li \ 

Spruce 

free., {ifdoft t<» file j/*'fuis i*l i'u 4tf ihf 

j-m.' 'ainiU I he iiet*dh^s an* s|iij*|r usijall’ f*mr 
. .i« d .ifid Imhiu- nri liMie pe^like pnMfM f mus . ihe 
. <.i.» * Ati pi*i:dii)Mt|s He-in dll' Is in lln* vs4n»d in.'i\ 
f» » n \^jih a rna^riit V in;: left., hnt lln‘\ arr- fe\%#*f 
i^Mij 'll fUrnts 

Eastern species. Ihe \%|iiif -pni. « /' 

f nji'iT?- jjMfp, ni»ffh'*in Nrw I n;:land te tie* lake 
. .nnl Nhmi.iiM and noilhH.ifd inti* Ma*ka is 
■|!.«in{; /i'lit'd !i\ the sipfnruhil ijlui*h r jsf (.f ifs 
MH.ill < \ iirulr fi :il « mies and mi pal»‘ 

< r »\\n »v\ij^ ^\t(h<>nt }»nhe.-4 fin e <M r-n’» t 

{■M.i'iodal haint, it 'isimlU all.ni-s a hei;'hl 

H it ^>llh iMink iil,IIMet«*| - ti) I tf liiii tu 
> V m lirili^li tioliiniina .ind Mheif.i the 

*'er if.uh' s fiei;dils id Pai ) hi ft will’ d'.aineleis 
'ij' I" t It When hriM-f'l tin- lea\e- »d -eme thdi 
vid'iil » miM a dis*!;: I ee.ihlf odtti hefn f fin names 

' tf of skunk spuiie riie pale "L.IV^ lolnied ivuud 

I** ."M and sjiaitihl :;raiiiei| wiflnatl diflefeni i</|"ia 
ft'»n id tie- heaftM.M.»d It i- in irnport.iiit ip i oj 
^•"•d tor |*ape| pulp. ;/ener;tl « ott'stnn tmn md in 

* uor tnd'h I h*' e^r|||^ grained wood |s ntin h n^ed 
‘*i tin rnannta' inr*- 'd rriusn a| in^ | rurnt nts Ttn* 
-fand in the I nited 'states has )>«.« n rstirnateft at 
1 a) (MXt.tHHt.tMHI hoard left i fid ft » w ith a (iini h lar 
ifer ^'dnine in tianada No alterntii is made |<» dis 
!Mt;:<iixh the u»M»d ot ihr* sr\rral spi^i ii*-. in ifji- 
trade 

hed pMiir. /^. I- a sifnilaf fie4* h«|| \%ith 

cr»*oii#.|^ tofia^e. sfiiallei. more fi\al i lrie^i. anrl more 
or te-.s pid»es4 »‘nt twi^s. Or, nrmjt naiiir.ilh tf^ith 
whit.s •.pruee m the iiortheasfei n I mted Males and 
adfai erit t,aiiada. its laiifie ext* i>« 1 h s«e.ithw«rd alonfz 
the \ppala«hians into North ( afidina in nhife 
*^pru<e. ihf* greatest fd the nr^^'Ki in for pafirr 

tmlp, Thv piantit* of eastern spnn r pnlpwiHid < nt 
arintiiiifs lo several times the ItKi.tHHt.tKM) Iwi ft that 

annually -awe^l into hmd»er, Hed sprm e make*« 
>tp about 80' i of the vidiimr of appioximalrlv 20,* 
tKtf).0<)f.l,fJ0f> lid ft esiirnatrd h»r eastern «*pruee, 

Biac h ^pruee. f*. martantt^ ranges from northern 
Nei^' Kni^land and Newfoundland to \la**ka- Mow* 
♦‘^er. ii f». etirM ^parini;i> in the AppaU* hiafi% to 
We%t V'lriitinia, i’lie tone»‘ are '•mailer than in the 
^hite and red .i^fw'eieft^ are or nearly 

Mdierh^ai 1 1- l*;r in. hmfft and perd^Utent. The twi|p 
are imtifwc'eiit. Known alMi aa or ivwamp itproec 
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in the Miiithern part td its ran^t*. Maek spruce 
prar> ill hi#th elevations in the north. The long, 
fihc'rrti wimd is ideal for patter t^nip and ia alsu 
uned for tiaddles. oars, <'onstnn lion, and shiphuild* 
ing. It is short- lived a>aii otnanuMitai irt*<\ 

Western SpeciM. Blue spmrc, /V fuiHfirns, 
known as Odurado hhie spiure. is profiahiv the 
iH'st known lit the wrstriii spn ir's. The twigs jik* 
ghihroiis t without pidms^ finr t . The wood is |itt|r' 
Used, hut the tiee js populai as .tit oimimental m 
noiffirrn Kurope as wel! as throughout the I ntfed 
'^l.itrs. Individuals vaiv in the depth ol iheii hlue 
loloraiion. the im»sf pronoiint rd hring that ol the 
Km- tei v.Miieiv. \|iisi id the ol n.irneutal speeiimms 
I ofite tiom grails nuole on Ntiiwav sprm e. 

iMigehiiaiin spiiue, / fige/M.mnr. ha*' needles 
usiiailv of »i deep hhie gieen eidor. <timrlimes nnu h 
like ihiisr id llo' hlu«' S||JU(4V hill Ilii- Vtiting twigs 
ate digh.tiv hiijiv Ifo* I ones. 'ililMutgli ev lindi i« a|. 
arr* -m.rih r tfi.iri io hitie -piii«e heing ahorti P.- d 
in long I Ills spri irs )s ;i|so .i Ihx'kv Mountain Itre 
like til*’ hint' npni, r hiu It |s nt<iie widelv dis 
iiihuf'd ltiit|.*h t (duiiiiii.i t<» Nri/oiia arid 

.lUo in do* mountains nf fhegon and Washington 
It i- ih* imi'-f imp*#rt.4n( tiinhr'i sprure of th<* 
Ih** k\ NIoutil.iin r**gion ihf’ “tand having been 
I *1 it .d*o(tt a t.UOtMMttf.tHHt ImI ft In ret el) I 
v»'ai'« til* .mroial » *l ha" he* n ahoof I “ai.tMitt.tHHt 
I'd ti 

’^ifk.i -.prin* I* IS til*- laigesf spiu*«' 

in till' noii^-fii h< mis|ih*'rt' Tit** leaves have a 
pungent o*ior ii*' toiisohiahlv IhiltmU'd. ami 
-t.ind out troih fh*' twtg in all difeifions, Banging 

{loin Vt.i-k’i t«i nnithf-rn taldivinM it o< lupies a 
• tt.i'f.i) -iMf. ah'Hit hi r*ft nfil*‘s wmI** Mtifuie li*»rs 
varv Irtifii IHtt If tall arnl .i' ft ft in diame(<-r, 
hut in -‘♦me in-tam es larger *ftriM'ns|«*ns fiave |>» eii 
l»-t‘»rd***l I l»e -I. Mid ill th»* I nif*'f| >l.lles i», esti 
m.ifeti at MHHtiXMt.OfHt IddHftf.tHHMHHi lal (t. rtearU 
*l| in the statf's ttf W .ishitiglofi .-ind fhr'gon, Th*i‘ 
annua) • 4it in the I nil*-*! S| U*'s js ale-iit ItHkfKKkIWKt 
hd ft. It I- userl jni ftiinitorr, iloiris. htinfltv, frg' 
per tmlp. and in pi«4no riianufa* tun* (of Huindilig 
ho.inls 

I h*- Nor wav spnn e /* r/fiiev, the < ntunmii Kpniee 
of I* tir/#p**. IS turn I* (darUr d in the I 'ltite*! Stiitr^ (or 



^o,hf IftovM and eona of bfcHck »|>ruco, Pfcoo marrana. 
'ct Con* of rod «proco, ruboni. id) Cono ol wfiHo 
»pfuot, pJouco. fo) Cono of Colorado tpruco^ f, 
pvnpon#. if) Con# of Norwoy tproco, P, ahkf§. All 
oboiil notorol ti«o. iBropkffn dolonlr GwdmA) 
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tlmbc^r well for ornamental |iiir|)<»>»eH. It can 
tie reeognisted by the dark, i^reen rolo? *»f the leave.**, 
by gtabroiiM« pendent, nhorl branf‘hle|«.. and l)\ rone** 
4 6 in. in length, ii<*ifallv near the top of the tree. 
An important lomree of paper piilfi, it lia** #iften 
been planted for tliat tiiirpone in the northern and 
eautern firiited State*., (i aNo o^rd for shelter 
belt** and f*»r fJirisiniiJs tree**, althotjah not de- 
Hirable (or the latter piirf»o^e as the firs and Doiig- 
laM'fir, sinre it sheds its needles tpiirkiv in a warm 
nnini. rher*- are inaiiv mlrivated varieties. .Nre 
FoHf sT ^Nf) MIHI.STHV; ThKF. l 


rondenHf<!d. Aeluully it hatf lieen aynthesixed by the 
('ondenAation of two moleeiiles of famesyl bromide 


itr 



Karm‘..vl iiroriitde 

id more rerenllv bv appiving the Wittig reariion 
a pure rri/fi.s geran> luretone 


Sputtering 

I'he proi ess iiv whirh atoms or groups nf iit(»ms are 
epM ied from a rneliil siirlaee a**, tiu' result of heavv 
ion irnpiot. It generallv takes {iluee at tlu* f'athodi* 
ol *1 self.niainfainerl gasejuin disrliarge. iiidiralirig 
that the iinprotant agent is the ftosiiixe ion. M* 
though sputtering |s u->etul for eeitain pioeesses. 
sin li as the gf'tief atiofi ol a « lean suifaie, tt is 
it*4ii(ill\ hariiihi) In tin* i ase of an o\i/lf' i <iated 
thermionie < athode. sputtering hv posiiivodun 
htunliarrltiient iiiav desirox tlu' surta< f' « oiu(delel\ 

In geiu'ial. thete will he a threshohl energv for 
spultfoing. rills depend-, on hnlh tin* sorl.'oe iiui 
terial and the hornluinling i<»n. It has heen hnind 
etiiftir t« all\ that the ui.iss m sputlereti per unit 
lime IS gi\eii h> 

ni 1 A I I , ) 

where A ami I ,, are roiisiants, whih* I is the 
polenlial thioiigh whirh the loii has lalh‘n, and i.s 
tlnuefore a measure ot tin* energv »»f the imh. |•uI• 
fhei. It has heen shown h\ V ( diiilhei si hiil/t* that 
the s(uitteied mass deereuses a^ the pressuie m 
♦ leases. I In* sputtfrlni^ proress hi*eomes uioie e|h* 
♦•ieiit as the mass of tin* ii»n h inrreased. 'Phe 
♦•jri'ted atoms mav < iiine idT ♦■ither a*. iu*iiti.il par 
li*'les or as ions. 

riie ex(danatiofi of sputtering K not rlear. It is 
thought that local healing ma\ |da\ u prominent 
part in the piocess, .sv*e (!an\i m\>s; Mum. ( oat- 

It., It. Ml.] 

lUhiioi!/nfth\ : I. H. |.oc‘h, F uf\d*imrntal Fror- 
oj Ftvt'trn ai Ihsthnrfit* in (wi.vei. 

Squalene 

A iritrrpene whic h appears to pla\ a rtde in the 
bioHvnthe**is of stc-rcdn and polvc vc lii tert>ene*<. 
llie doUt'tl lines iiulieate six isoprene nruts from 
which the hvdroearlHin is theoretically 


o 

f ^ m, - CM, ♦ H «.»•.♦ .u 

>, - 

riie sr, uah*ne so formed was tirohaldv a mixture »d 
tlircM* strreoisonn'i's. Later woik showed that piiiih 

♦ alioii I tuild he c‘fTec t«‘d h\ fcuinirig a thnuiiea 

♦ lathralf*. 'I’here is an fndic.ttion that '•xnthetn 
scjualeiie can he- eii/\ m.itic allv citnv«*fl4‘d to larnt 
st«»rcd 

'I’ln* stx cdefinie bonds in sc|uah*ne lia\e been 
deiniiiistrated to be of the trails ^»ntiguratiofi. It 
|[M»ssessrs a faint, pleasant odor an«| a high boiling 
I»oinl. I >ei oinpostiion oc c urs w'hf?n distilled at «»i 
dinurv ptc*ssuies. When exposed t<» air. sf|uah*ne 
ahwnths oxvgen and resinifii.s to a visccnis mass It 
is iiistduhle in waiei hut soluble in fats and fat sol 
vents. 

Scpialeiie is found in appreriabte tptarilities in 
tin* liver of shaik.s .Smaller amounts (0.10.8'; i 

♦ Mi'ur in edive i»il, wheal germ oil. rice hran oil. and 
veast, as well as in human sehum and ear wax .Sec 

Isni'HixK; TrHi'Kxr: TitinitetM. jr.i.s. 

Squaliforines 

I he Squaliforines. 4ir sharks, c'cnistitutc* one c»f the 

Hc'ceul coders of the mihcdass F'dasniohrarichii 
Sharks, also known as the St^lachii. an* distin- 
guished from skates and ravs (order Kajiforrnesi 
in having lateral gill *'.lit*!*. a pec toral fin which is 
free anteiioriv. and the iipjier margin of the orbit 
free from the eyeball. Shark** dale from the Devo- 
nian. bill most mccderri Ivpe** have evolvetf siiiee the 
late Me.so/oh . 

Modern «hark'* max be arranged in 7 suborders. 

I I farnilie.s. rotighiv 80 genera, and alnxit 225 spe- 
I ies. Shark** oeeur in all oceans, mostly in shore 
and surfac e water*! of tropical to temperate sea**. 
Sonte forms, a few of which have lumine.M'eiit 
organs, descend to depths of 1500 fathoms, and 






Siiialene 


' 't' 


others invade the lower channels c*f major rivers 
(\re Hioluniinescence). One species. iM^SHihiy dif- 
ferent from its marine relatives, occurs in I*ake 
N'traragiia. 

. All sharks are carnivorous. The .sluggish whale 
\ shark and the basking shark, largest of all fishes, 
Weed on liny organisms. Many sp^iei», including 
leapecially the^white shark, ha%e joKtifiiahly sdnister 
#reputatif»ii» because of attacks on swlmmera. 

fJtn. *>0 #•> . STV 
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Soimon sliork, tomno difropn. C A Good«. 

Gteof Infmnalionat fishittt^$ Exhib^fion, London. J6SJ, 
U S. b/ad MuHfvm Bull 77, 1B84- 


tritY'ffiiii If*; .i« • vvith fH-lvl* 

fffi I N»»n»' w|,r. !♦*» l,u witli Imiin 

i r* T.i Ln » a*»r^ , olli* !- hImu * tn .c^o) f in 
ll^r alitl Im*,*! IuIIv iMtnw'ti \iHin;,’;, .»?»<! -!ill 

.ii»* fnil\ \ IV ip.if *»<»•'. tlif‘ tr«l 

ihuHi^h itan-tf'i l»i‘ivv»'ru ihr ulfniH* M.ili .inti 

I J»« \ »'lk '».i» 

>l>.irk ft-'hi'f !«•-• ar<' >:»n«'f,*l|v it| Intul* <1 
I t'.< *• « • ja itii ill\ ^nThr ^-liark'' Mflii a vtLtrnin 

.M»li hv»f Mil tiir -kin m| mhIiv tiln.il - . f - 4i 

V iliKihli' oi «tinl fh'* ♦»«!* :u» •' 

, 1 '' an d* in »d tliri in ihr Oin'nl On tin- 
• hantj. wtl.n.i ■'haik*' itmv il,in«aj^« !i*l»»n|.‘ 

if .*r <l<-(fMV valnal*}*' n»M»| li-.li t(r«‘.nlv f .iit|t!;ht if: 

i.t N Ml on hrif- Ki \‘-M»nin \ Nf mi h m h 
Ai/a’/o^L /-.'/f/n II U |iii:* |MV> .irnl V\ * '*•1 

i«'l "^h.ifk' <»l thf U t sfi'tri Sitnh ifitifttn , 

ir- l-Mimilaf lull \|a?tin h. \!i*in I |»t. I 

Squall 

V vkirni v^illi Mn-ci ami uraflo.il 

*if * iin**, l.i--tinj; (*>1 ""i v fi .tl iniimli \\ iml in 

'•jiialU iMinmofiiv hmi h tn ^<l inj*h viith .i 

«)| lirif'f (til''!*' f»l HD 1*^1 rijf»h dt lin* 1 »♦» 

li nl '-ipiiilt- inav l»f |f»f al m naCuu* a- uiil» 

tlnimirr^ltirni^ **f mavi oi rm Mvn a wtil** 
arf-a in ihr \n lnt^^ <»! a vvrllairv<-|f»|*#'fj < v« Ion, 
^hrrn ihf »*i|iialU |m 4 .ill\ irini»»««f‘ alff .nlv -ffMiiiij 
'♦ifni’*. of tin'ir »*uflii<’n vi<*|**n{ nn »m .irni 

Om* Ih‘/Iv V ram. »*r hail nhn h Mlff-n 

aw^omjianv ihr^rn. ‘•fpialU » anM' tlarfian*’ to 

Mfinlnrr*^ aiul 1 ri>p**, and |»r# - in ^r\rir Ita/jiri'^ if- 
tian««|M»r!atif)!v 

Thr nn>v| rtaiirntm tvjw of <j sail i** ih#* tfiiimlrr 
of i(iinttf|Uiin In*a%v *mn\r*' 

tii#* * fre»n»»*ntK *d lln* < ninnlonimhn*^ Iv|m‘ 

a '‘C}uall u^t^naiK m ^hti»rtl\ hrforf* id 
tlw thtindrrHtnrm rain, Idiminis ontwaid' <r«»m thr 
*^lniiii and fni nnlv a «ihnrt limr. 

U tl* f«»rirt<*ti Hb#»n r«»ld arr. dr-^^ rndinir in thtr utri* 
id the ihtifidrri^torm rain area, reaihr^ fhi* earih*** 
’fcuriaee and itpread’^ mil < 5ef Tm, Nnt.nsTcmM L 

Parth ularl^ in dr>^ ft arrait, the th«nderi*tn?'m rain 
may largely or whnilv pv»p#>rale hrh>re reaehtng 
the gnnind, and ihr Hqiiall may Iw dry, often a*^i*o- 
stated wfth diiM iMnriwi' <jee 

Sqttalla cd a differMit tvpe mtih from <roid air 
draifiair dtaatti alcep alii»|Nra. The fcMre4; o{ thir aqiiall 


it* deri%rd from gravitv, ami de|.Hmd» 0*1 the ih* 
s ending air is « u|der ami more den^e than 

the air it repbt St^t alied fait wtnda td ihia 
kind are tomnmn on itiuuntainont* c'«.ftaMU n( high 
latitude**, nherr »uld air <oi#im nii elevated plaleatn^ 
and dram'* di»t*n liivrd*^ t»i di*e|i iialle>fii. tlhaniieh 
ilia 'd the air thion#:h iiartow Miilev^ 
thi'ir forre S«tiiatl Hoidn ilmrat «d liKl inplt «»i 
more areoh'.erved in h inter, when aittir air mall»ae^ 
If Mil) Kin*«.ni iiileiitiitteiitli ipdl rnef the mmtfitaim 

«*{ ^ iign**|:o li into tlu *eluti\eU wfirm euaMal le- 
*•! the Ndi iiitl« 

Sfl’iaIN al*-o i»et ni over a wide aiea nn |ia.*»Mlge 
mI .1 < fdd troiil. wheie vveakc ‘1 genetal wind** in ad- 
\,m.e ot the tionf jie Hiiddentv fephired hv 
-trouper wimN in the .old ait. In thi'* i'a»e. high 
^u^fv w Moin ( 04 V he f*n taitn^i f«fr nnittv hmirv. 

\ linr- aionj,* uhnh a mitiihet «»! !^4|tialN (M ciir m 
)4tnin wnh tlmiidet«»toi fiM t*^ fleft^ignated a 
hm* f hr-v.#* Ime*- whnh rnav lir* M*veial hnn- 
tiled inite- Imii^c. * td M^kerai laigr. aligned 

. hi' Di'* ol thnn<h^r*<toi ni**. ID M(i niile^ afiiiH««, writh 
v%< .iK* r .islivilv li«‘tv\rsi-n th<' HI ttvf* tiitiii<lri 
r. «d ihf Htiive piifl'* I** marked h> Hiiddetii 
'•Itoti;;; fin-tv wiiui** UH-.iallv with iiroimumed veei 
in^ III tie- vt ind dife* titin ti i.ipid td tempera 

luff* ‘lit I' m > lew rninulet* t fw»**el id he«v v 
fain, tlnmder li^ditnma. and nltr'ii had Allf'i th«* 
lii*.t fi'M ttofoitf- <1 ^MU'inal d*'f Itnr in wind M|«t-«-d*^ 
and inlrn'*ilv *d VMMtliei phenuffiieiia i** oh»ei'\nd; 
dif' r.im iw f. O'lllv Mvef ni ahodt Vr» tniii. h\ whli h 
time the wMul tdten teintrn* III the direetioM and 

Dfenirtli pie**« ril hidoie ^tphdl hlle prt*'^aae A tud- 

lien MMn| in .ilnne<piier }i iirnfoiiilitig to 

[* *1 mJlihai'* I' aho idoefvrd, hdlowed hv a grad' 
o.ll tiet line UetwiTii tlir jjitive part**. oilU Weak 
MpnilN arnl weatfo r • <*ndilit*n*( mas he (oiitid 1 hr 
otivf* p«*iti >ii««. whi le liirhidetit it»nvi**ii\e fdoiid>t 
ri-i' iti Id I i krii pre^»'iii n ‘•^neie hazard In air 
trail hftt (na\ he < Mt ttinnav igateii with tile md of 
gftMifid at*f) air home fadar. 

Sfpi.ill line** geni fiilU Joini jt «•? near ndd Iroiitw 
*f< e\lratr<*pt« ai < m lone^, I hr- th(indert*torit)» of 
whnh thev < Mfi*it*? extend op into regionit «d alrong 
wirnK well fihovf the erttlh*** Mjflaee, and heifig 
geriertifU hinwn awav Iforn the eojd IffOih nrt inoal 
*>fteii intnid Idd 'I4K1 kin in advam e of the (rottl 
ktorriatno) re<pi)ieH un^tahle air, and thm* 

**<piafl line** in the I nDf*d Stale'* are m*M*t 1 otnmori 
m ■^pfiriK and earls ••umrner when mirihward inrui:* 
*.iortf* of inaritirrie lro|ii<'al air maHwen take plaer 
ea**? of the Kockiet* and inleraet with fwdar frcmt 
f\*loneH MoM torniidotfii <m *'tir tinder Mr|uail line 
«ondiiior!«. ]r..tNr.K.| 

liildioAfaphv: T. F. Malonr (ed. >. Comprfuitum 

nf ,Wf7eoro/z/g v, 1 95 1 , 

Squamata 

Tb*- dominant ordfr id living rn|itilr« nompoiird of 
tbf fiaard* and woakr,. Tim trou|> fir«t apt****if^ in 
juramk timi» and today i« found in at) hut tbe 
coidmt raaion*- Vatioua forma ar« adaptad for ar-- 
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biirrowinf(, or aqimtir livfrn but nijua- 
rnat^M arr, fiindatiieriidlly lrrr<?**triHl. Thi'fe ar#* 
aboiil 4700 tfxT.ni nporif-H. 22^K> li/a<rcN ami 25«K) 
nnakea. 

Thc^orib’f i»* rf%'oiilv diHttriaui^U'fi from all kmiHrj 
by In biablv nH»flifir*rl “knlb '\ b** ininurrlia!#' 
arif'OHlorH of ptiinitivi* h/.ir^K arr* mmilif-r- of fh»* 
(iiapnifl orclrr Kf»^ii# hia in wbi< h a jrair of tt-rniMiral 
foraniirta arr prr-*«'nr on both of tlir hrad. \ 

nimilar palfrrn i** bnirnl ainori); Inin^r rrptilfr'* in 
rbr tnatiira, oulrr If hv nrb*M rpliaiia. ami fin* rro» i»- 
diliari**, oirlrT f !roro<|ilia. In tbr Sqiiamal.i, h*»w- 
tfVrt. in iIh* <‘a-r of tin- <|i|ji<iriil<»tngal am! 
borM'*^ wbf( b borrb'i llir |ou#*r rnar^iii of tb«' inlrrior 
tr'inporal oprnin^.. ih*' lormif ha*' b*’»"r) lo^l roni 
piHrlv ami ifir* l.ilfrr nvlmr*il In ronsr- 

ipirm r ibrrr- oiil\ a nm^b* t**rnpoial oponini; 
prrMf*iit ami tin* lia*' lu*(’ofrit^ «'iiiai ^'f'tl ami 

fiiovaltlr^. ibi'^ fffiiporal opniiiii; lo^i or r**- 

<lm'#*<l in rnanv form-. No ollirr irpfilr^ ^ho\^ ihf-f 
iiioclifiialion^ wbirb allo\^ for kin**''!*' in fin* 

lowrr jaw -iih #• il arfi« ulaff** wifb lln* <pia<iialr In 
.i(liiilion tin* oniri Ji^tim t fi>»m nihrr living rf‘p 
lib' t'l'oifp'i br*« ail'*!* iN mriniH'is baNr m* nn 

Hfrombirv pabilf'^, atnl tbr niab*'' paiff**! 

lizards versus snakes. Ttaflition.ilb tbr Squa 

mala liavi* Ina'ii diMtird into l\\<k ni.i|or '-nbiAimip- 
tin* li/ar(b, ^nbonbM >aiiMa. ami tin* -nakr'*. -iib 
oidi'f Srrp«*nt<'^. I'bn lalfni nioup i'* ba^iiallv a 
^rrirs of linibb*''*« li/.aial'* ami it i-^ *rri,iin ih.il 
-tiakr« iiif «lrii\#‘i| fiom •‘Oiin- nanrian am i-'lor It 
i^ h\ no im*an*« < ritaln. bowrvrt. tbal tbr •-nako« art* 
(I iiatiiral ^ronp. TlnMr art* inaiiv fliflrrt'iit b*tj;b''^*« 
li/afab ami it lia*^ Ijitii -iijkii{;»‘'‘t**»i that inorr than om* 
liiir ba'‘ »'vol\«‘<| to piiMbirr tliosr Hpf* irn i nirrntU 

tj;t<»npfMi lo}^f'iln*i a*^ ♦•nakrs tbi^ P*»-‘*ibilil \ 

tin'll* iH tin* atblitional problem of ^rparatiiii: tin* 
two Miibonb*r<, No '*mrib* altiibntr will •-nlbro bir 
tin** piiiposr but tbr Iratorf*- in tin* following tablr. 

in rimibiiiati«»n. will di’finitrU albuatr any 
qm*sti»mrtb|f lorin !•» oin* oi tbr othrr ^ri>iip. 


Comp«rl«on of Sourla and Sorpontot 


1 

«tnicliiri‘ 

Snifia 

Serpen ten 

lariilis 

( Miallv '1 (»r 1. 
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None 


1 inovtible, 

HOIIlOlilllf'M illl 
im»v fit»le 

linnifo atile 

Kxteriiitl ear o|H'n 
iiur 

t HU)dl> present ; 
MoiiieliriieH lack- 
itiK 

None 

IVelornl Kioif** 

\ siitt)|>i pr«'M»'iU . 

rarely none 

N <»!»»' 

(IftvineiiMt* 

( «*ualU o|M*n an 
lertoriv. Umritltsl 
b> «'onnet live 
tissue shoal ti in 
stem! of tmne 

t annpleleU 
tKUI> 

anteriorly 

Mnndible 

Two hiilvtw 

UMidtly 

arth'ulnlintfr 

'Pwo halvi>s con- 
hy oIuh- 
tir limiiuent. 
iw>t artkuhit- 
in»e 


SAURIA 

Tbr major it V of saurian** are insrrtivorous but a 
frw frrrl on plants while others, most notably the 
\araniclne and allies, feed on lurper prey irirludin^ 
birds and nuimmaK. The lar^P'*! living: li/ard is the 
Kf»mt*do draa«*n, f'aranus koniodofotsix, which at- 
tain** a lerifElb of 10 ft and a wri^bt of oO |b. Se\eral 
nmall aei‘ki»s and African chameleons are about 
P'l' in. lortf! when fnIK grr>w'ri. 

Physiology. ' I'he of li/,ard** include the 

usual one- found in all trrre-trial vertebrates, 
rinuinal. t.ii tile, and (tain rn eptoi*. are di-tr ibiitcsi 
over the bodv surijiee 

(HjiUtinri. I be princi|uil ( ln*mor»*c i-piin - are the 
n.'i-al orjiriri proper, iirni a -t»e« lali/.ed derivative of 
the o|f;n torv aftparatu- tin* nr^ati of jacob-on or 
the vornerona-al or^Mit. Tin* na-al or^.in- open 
into the mouth lavilv tliionj^h the inteinal no-lriU 
ami an* ci»nm*< ted to tin* oul-nie bv tin- e\ti inal 
no-triU. Iii-pircf] air jita— e- throuj*li the or^Mn on 
It- w.i\ to the ibioat and lunn- ju-t a- in all oiln i 
lei ie-.tr iai verteluate-. 'small tiartn )c- ot -ub-t.im » •. 
Ill the <111 ari* liafifTed bv lb*’ na-.tl mm o-^a and 
analv/r-d bv -en-f* ( cll- irt tin*. Iimny. Ifn* p.iired 
Oman- of laMib*«on be anleiioi to ifie oif.n t«»r\ 



Flo. 1. Otoeromt of skulH in voriMt repiliW groups* 
indkoting evokiflon of sguomate iltuil types. 


jsid arr jM^parat<r from thnn. Thf*\ in>rn only 
ini^> til** nuMith and |*arri« lr*i tii watrrv Mdution 
trM«i ihi> arc anahisiHl liv ihrtii. In manv 

luard^ ihr ha** a fii\id*Hl lip and ihr iho 

are lo pi< h np parii* uutMii** ihr 
njniith and lirmjK thf-rn ha* k into il. The* tip^ art* ih^-n 
rnhh«*d against th** openings nf th** v«ini**r<»na'^dl 

<*rgan« Ja^ ob^ion*- ««rgan'* ar** indt* a** •‘♦•pariit*^ 
arra^ «>f th«* na*»al organ in \ni|duhia and Uirih*'*, 
rtfr partialU ^*-paratrd (rorti flu* main sa» in Rh\n- 
I h**i «*fdiaha. an«f air vrsfigKtl m c rm hiiih, 

.ir»d n»«»M rnatniiiah. Srr riiKMoH^* m hon , Sin-i 

Ihunnti Thr andtliiiN app.iia(u'> •*! h^anl-s 
ri'jMiii kahlr \arialion «orrr|arrd v^ilh fhr in«»<|r «»< 
l»ir in tin* rn:itoiit\ iit f«‘ins' i\ hi’II dr\ rloprtl •»ai 
dMifn *'* pTi'Hfiii in a •flight n** lit ihr pMsp-noi 
niai^rm nf ih»‘ !i**»d nr.n ih*- ipudiatr h*»nr \ lig.* 
'n* *1? ihr tli middle eat l«\ t])e 

* lo llir ifinri ta* e nl the f Mi«('4iniH!> and fli* 
.»thri eini tif'' !nt»> an •♦p^*i»ing itiiM fhr itinrr ear 
r* *n. i' t r.in->it{il!rrj (t(«in th#* f'ardrni'i 

fh** 'I ip*-‘ tn the Ihiid *if the uinrr imi In 
hiff r M»\ (n^j: h^ard'^ the fMrdrnin .’• pirnaih 
>* » Mf!i)'|f ?ej . iifvrrrd hv -^kin and m ah - »a «•* h*-! 
rnfjtrl. III iln-*' tiifni- .ii»' nt-eit oti^r t* ai# 

iM.no* ^lamd- and '**. r »\r lijrn ludilutv -<timidi 
tf'd!, ihf' •nh-tfatniti tltrongh ihe l« \^vt lav^ t*» the 
•piad? tie and then In the -tape'. 

I I i/atd- 1 mv<- nnwieralt h gn***) vt-iim ex 

» pi hn hdfiiiwirig in ^^hnh file evf* are fv 

• In* fd .*1 t iiVffrd o\» t liv •kill, -» lies, in I'ven Imnr 
il >' ud* M llh Ullf e/j|{i rd e\i s fiave < ifldf \ ^'•^on, 
hit sMjn*- not tui rial f iinihe^ <^ 11 * fi h*- ^ .*'k knnohif 
ami \anl!t'udae are < o|'*r Mind In letiasn 
fin ffhivaide e\e)ids ha^e a tran-parent Hir<rhiu 
whn )i an irifage iri.i\ he seen e^^n n the 

e\es ajre 1 l(*K.ed In •*r^et,d gfnips l}|i ivvo <'vehd* 
hjo* |i»sed an«l are < i»iti{i|esi‘h tran-pareni 'I'hr 
lid- f**rrn a pI**Tr*liNe -pe* ta* ie III k(is 
night li/ard* mt \aritM*<ii4lae. • erfain InirroHing 
-kink- and » I Iher h.rm- 

/ iu onmtmn The inapiriu *•! Ii/ard- it** *pia<iiu 
pedal in |iH'c»nj*»tion. and are u-nallv .irnhi/M rv 
**< amperer- nr m ari-orial. Nnne fniinfs me hiprdal 
tt? lea-t vkhen in ha-te. iVrhap** ihr nxci**! famon- ♦*( 
ihf* hipe<iat form-i i- the 7e^»/'■ f /mo* lizard. Hnsi' 
/miwi, tfi Middle Arnerh a <(%hnh rniiH hir •orne 
di-tanre a* ro-** the «iirfa<"* of udill -iieam« when 
frighlenetJ. In manv hiirri^wing h/ard-. the lirnhs 
ate rednred that *‘*#metimeii f»fd\ the anteri*»r 
pair is present <»t alt are gone. In thenr sperie?! 
M<h oniotion is of a ’terpentine rurvilinear One 
gemm of Asian lizards. Drat o, has Urge membranes 
between iu |tmb« that ran lie used as gliding -lU' 
fares to inerease the diManrefi id leap* and to 
redm^e ihe rale of de^'mi. 

Thtrrtfwrt^ffiJaifon . I ixardn. in eomrnon with all 
4»ther reiKitew. are de^iendent ujKin eafernal igHirrea 
lor maintenance td iheir body iemf>eratiirea. They 
jife ertothermiV. Tberni<^reguiatk>n i«t obtained bv 
, means of gnm^ behavioral adiustmenU, A tiaard 
i«»ve« into uliaite if tt« tetnperalore riaea and moves 
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into arras of higher trni|kerattire* a^ ila lenifiera^ 
lure dropNi. IndixiduaU are innsi aoiWr lief ween 
irni^HTfatures of 1(18'K with optimum aeiivity 
l»f*tween BO Teinperatiuee above 110'* are 

lethal and no lirard < an sursiie in dirrsi desert 
-unlight for more than ir> .10 iiunnte« without 
shelter. .See Titl.NMOMKo i viion 

ftf^siumnitn nnJ eti f/ imn. Ke-piration in arhieved 
b\ means of (laired lungs. The exereton product 
Ilf protrin metalMdi^in is an insoluble substance, 
uric rtcid. The five- aie dark, oblong, and capped 
b' :i white rnasK of uru^ ai id when deposiie*!. 

( oioftUum The odoiaihui o| rgi h spr< \v% of li#' 
ard I- rhara* tei i*tir M<vist forms exhibit marked 
ddTrrfme- m coloiaiion betwren the -exes at least 
dtiring tlo* brwling -ea-otp and fte*pientlv the 
'•Ming ale inatkedlv diff/rent ftimi the parent-. 
t'ol«*r *'hangrs or* 01 in rapid ia-liyon among some 
-(»e» ie- and al) are I'apatde of nietaehro-i- 01 
« Ipinging I «i|i»r it * rrtain extent, Contrary to 
popuLti legend llic « hanger ate t>ot made to nuitf h 
!h»* roliif 4if it»#- liio'kginohd bill -eein to be under 
oeurolois oioutil • **ntro| ,ifid flu* tuafe wiili Ceitipeia 
tore light, atul th<‘ lotiulieM of the li/ard. Srr 
( IIIIOM X locKOto : N} xt lUMolUUII-M. 

pn\dintu*n Mau\ ii/ard- make sounds 
tiiitging lioio hi-''r*s produ* ei| |>x -iiiitde rxpttUion 
r>l all througli thr gloiii- i<« -ipteak- of -inall fomis. 
.itof h»ii(| he king- of the g«<*<‘kos .Sound- are used 
ho dejrii-oe blulhug and pr*iitablv for recognition 

a- wrll 

D€f9riS0 flttCttAfllilTIS* I he <lefeii«e ugairi-t 
»b-»M'erv utilized b\ rni*-l li/ard- is 'Tree/.ing** 
in pitsifiou The map'rjtv are f*role< ' 
ti\el\ *i.|orrf| ami '%hen Mill are extrcfiiely diflit lylt 
III -f-r |fo'^#'tef if )o< ated frtj»h} Highf beeorneH the 
-ei «o»»i line of defense. Fieri if a predator catches 
It !i/i»rd the f jifiie 1 - ntii o\er, (or nwiny forms bite 
and « law \inong the inoie itilerefcttfig -pe^ ialirrd 
delen-i'e dexne». of M.iutiaikt^ aie the bbifTltlg lech 
ri»*|ue- Ilf «ertain form-, llie Australian frilled 
ii/«rd (Jthtm\ti*i-ttuiu\, <»( the family Agaitiidac. 

• an xpjind a huge no* hal 4 #dlaf which when pie- 
-f'nief) with o|>rn iiioulh lo a predator is an effer- 
1 i\e <leirrretil to aggre-siofi 'Phe agarnid. t^tomasiix, 
•d Afrna find the iguanid. (jt^ntiuiura, of Middle 
Ainern 4 ha\e -piny tail- that may la-h out to Injure 
H potential enemy The horned lizard-. Dhryno»omn, 
of the Tnited Stale- and Mexico, are armed with 
numefoiis -pine-, partinjlarly mi the bead, and 
would make a rather unpfeaiMini mouthful In addt* 
Tion. they have the rapacity of -rfuirting hbmd from 
ruptured vessel- in the lower eyeltda into the mmjth 
or fare of a predator Tlie blmid contains chemical 
subMance't, secreted into il in the eye region, that 
are extremely repugnant to coyotes and dogs. A 
great manv lizards are able to throw off thtdr Uila 
voluntarily (tail aiitotomy) and reflexes in the tail 
make ir thrash alnMit to dfaitrart a predati»r from It* 
real objective. In many cases the tail is brightly 
rolornd to add to the iiluakin. f)n the lizard the tail 
wtil ragenerate. but the nerw tail will lack a bony 
support. See ArroroifY. 
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Vtnomoilt tpectet. There are but two of 

vefiomcHin liaardn^ Uith membern of ihe Hrlo- 

H^rma. in the family lielodermaiidiie. H. mx- 
ftertuffi, the Gila mori‘^U*r* \n found in wf^^fern New 
Mraito, Arb/ma, extreme Mujllirm Nevada, and 
northwent Mexiro. 'Hie li^-aded li/ard, //. horritlurn^ 
in a Mexican Hperif!?^. Venom i?* firodured in i^landn 
along the lower jaw and penelralc'* wound** ifi' 
flicted by the anleriur recurved leeih. No niechu' 
mum for insertion of the venom into the wound i» 
prewffif, eonlrary to the ^i|llation in mo«»l HfiakeH, 
Although oeraHOmally fatal, the fuie^ of ihene lar*je 
li/ardn. of which a lenreth of .'t ft not iim oitimon. 
are not an danaerouH iiM lho^e of Hnake'*. nor are 
human heingn hillen freipjefiitly. 

Rhythmic activity. Saurians nhow ralhei definite 
rhythniH in their aetivitien. In temperate leatons 
(leaHonal i vc Ii-m aie rorrelaleil with ternperaliiie 
and M'xiial aeiivitv, and hibernation oci urn in the 
winter, (ieneral activity conlinueH the year uronrid 
in tropic climates. I)ail\ uctivitv i vcle^ are typical 
of rno.si speries. and include a tlefinite daiU pattern 
of feeding, drinking:, res|irij«. hanking, and excret 
in|fi. Most li/ard^ are diurnal and their diel r\rle-i 
are usuallv mi related with temperature. Orlain 
families, notably tin* (.ekkoriidae iiml VantU'^iida«^ 
lend strongK towaril nocturnal habits, 

Tgrritoriality. Mom li/aidn Mpend their entile life 
within a rather rrstricleil area, and reliirii at the 
end of eaeh du\ to (he same lioiiif* ««ite to ^Irep. I'lie 
miile*^ of the iiiajfiritN of forms exhiliir territiuiai 
behavior and will defend a <entral poriioii of their 
home rantfe against tre'^piis*^ bv other male*^ of the 
same spei ies. Defence of the leiritory usiiallv in- 
\olveK nuich hliiditig and noinr. mid the “defending'' 
ll/ard is ustiallv the virtor. Various t‘olf>r pat«’hes, 
scale (-ie«its, and other diHtin<‘ti\e marks pla\ a 
part ill iniiniidalitm and ilispluv at these times. 
Kights fteipientiv occur ami geiierallv consist i>f 
(iUem|)ls at luting. Male monitor li/ards. Varanulae. 
rear up on their liind legs and lute and slush with 
the flout tIawH Nit triilv gregaiious lizards are 
known and m»ne aie migrator See I't mu toMivi.- 

ITV. 

Courtship activity. Mab?s usually hrr^d with unv 
female that they meet in nioxing ahoul their hiune 
ranges during the breeding season, A complex 
courtship pattern involving a < huse and consider- 
aide piennptial nu/./ling and hiting is typical. Dur- 
ing 4'opubilion the male freituentiv grasps the head 
or neck of the fetn.ile in his inoiith and the tails of 
the briH'ding pair are entwintnl so that their eloaeas 
are brought into contact. The male has paired 
hollow herntt>enes which normally lie retracted into 
the base of the tail. When engorged with hlood 
these organs are everterf to he us<*d singK in the 
mating aet. 

RaproductkMI. Mom species produce eggn that 
have leathery or ealcureoiis shells. The egga arc 
buried in the muL hidden in decaying log^^ or 
under bark. In manv ea!M»^ the (emale guarda the 
eggi^ against predator.s. Some are ovovivip- 


aroua and retain the eggsi within the body until 
they hatch. Other«» are truly viviparous with a $eru- 
aiiaitioir placental connection between mother and 
embryo. IreMation or incubation itk generally 5 H 
weekn. In oviparou»i and ovovivsparoui^ formiv, at 
least, the young have a special egg Un^ih which 
grows up from the tip of the iipfwr jaw. This tm>th 
is used to cut thnuigh the egg mem branch and shell 
at ha(<diing and Ih lost sh<»rtlv thereafter. 

Classification of liaards. The following list indi 
rales the major evoluthmarv lines, families, and 
di'^tribiition of li/ards. Families indicated by an 
asterisk ( * ( contain limbless snakelike specues. 
All members of the families ISgopodidae. Dib- 
arnidiie. Amphiobaenidae and Xnnietlidae arr 
snakelike lizards. 

Ifiuunin lin*^ 

Kiiiiiilv Igiianidae: the Amerii as. Madagasc ar. 

Fiji 

Farnilv .Agarnidae: Africa, southern ami central 
Asia, Australia 

P'arnilv (!hanKi**leoritidae ; Afru .i, Madagasc ,if 
south India 
(•rLkftfa lint' 

F.imtlv t b'kkoindac* : • in umtrnpii al. all lonti 
Merits and mosi c oniinerit.il au^MCfanK tsland" 

Faiiiilv l'\go|Mididae: Viisfr.ili.i 
Srint'ornof f)h(i lirir 

Family Xantusiidae: N«»fth Vim*r i« a. Guba 

Familv I'eiidiie: the Ameiii.is 

Family laiceitidae: \frica, F.uiasiu 

^Farnilv toTrliosauiidae; Africa. Madagascar 

* Family Nincidae; c i»smopolitan. except frigid 
areas 

’^Family Dibaniidae: IndceMaiaysia. Phdippinfs. 
ami New (biinea 

'^Fiimdv \m(dii<baenid.ie ; tropics of Afriiii and 
Vinerit a 

'lnf:tnrnof phft linr 

^Family Angiiiciae: North and Middle America 
Fiirasia 

•Family Anniellidae: the Gulifornias 

Family \em»saiiridae: southeast Ghina. Onfral 
America 

Family Heloderinalidae: North Amerua 

F\imilv Varanidae: Africa, southern Asia. Aus- 
tralia 

Family I.anthonofidae: North Borneo 

SERPCNTES 

MorpflolOfDf. Snake** are haHieally »[>e<*talized 
limblencH li/ards which were probably evolved from 
hiirrowring forms but have now returned from sule 
terrunean hahiiats to on upv terrestrial, arlwireal, 
and aquatic i^ituations. In addition to those features 
already mentioned a« distinguisbing the snakes 
from liaards the following characteriMirs are typi* 
c al (d all serpents. There no temporal arch imd 
that the lower jaw and quadrate are very loosely 
attached to the akull. lliia givefi the jaw even 
greater miUility than i» the cane in lixarda. The 
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body ift elongate with 100' 20C) or rowre vertebrae 
and the internal <»rgani^ are elongate and redm ed. 
A Hfieeiarle rovers the eve and there 1*1 no lai) 
atituUmiy. in moM fealitrrii. «d their biology the 
ser|*ente% re^^embte their i b*se retalive'^. the lirard-^. 

Hie UrgeM living *^nakr i^ the Indian python. 
r^thon r**gi€uifiSits, v^huh reavhe?* 'H» It in length 
and a Height of 2M) lb The largeM vrnomou'^ vnake 
I* the king robra. i)phiophnfiu\ hannah, o| «*»uth- 
^•rn Awta. whh h knonn to attain a length of IH ft. 
\ nomlier of ’^mall ttopiral InirroHing %tuik'^ are 
mtdget«4 bv rionpatison and are aUmt r> in. in 
length when fiillv grown. The longe\il\ of 
is n«»t Hell known but one < aptiNr »‘obfa hu^ loed 
l!ft \edr’* and man\ of the larger snakes piohabK 

|i\f 4it Iriist 2*1 vear*? 

PhyStologJf. The sensf^ 4i{ -nakrs ^ire tiintlarnen 
f.illv -iiitilai to thosf of the •^anrian^ t.mi dr 
p4 ndriK r is fdat ed nt>on oharih*n and ihr larol* 
Moj'- organs. Thr* tongoe of all nfiakr* is « toiigatr 
' -tml <Irrp|\ l>iftir< Hted When not in u‘»e it mn be 
i»'fi.nJe»| info a s|n>,ith loi uted n!s» aniriior to ih« 
'Ml* Imi? iI I- protinsibb' and i'' i i>nsi,uitl> being 
pr..o-<!»'l t*‘ po k Mp - irnpb'H fi»r iltr l.oobsun'- 
' Tj.aii- h»*m the snrT»*uriding I'riMioninriil. ‘^nakrs 
i'< vlr.it Im ail bionr -nnnds and utrnr auditoi% 

• toMiib oidv tbrontdi the s,ii>sltiitnfn \ia ilir Imom -< 
tin head The iur greiiil^ modified fimo 

flio-f in li/.iids ai d iheie no 1 idot m<«ioii ^ome 
gr».nf s air lotjilK Mind .ind ha'*r se-hglal 
‘ ••\efrd li'k s. ale-^ of skill. 

rf;er ffjorfv ep/iMfi Sp#*, Kilt/«'d the! rimrei #■ pf m| s. 

not finind m anv other serteloaleM. are present in 
rtianv I'oas and t'VtIions. famitv Hoidae. and all pit 
. Mpe|s. C.rotalidae In the bolds die'-#* r(trt>tors 
« t(*rm .1 srties oi 4lepfrss|ons in the hp ah-s and 
} bo till- rea**t»n are tailed labiil pits In tio i i<ila 
1 lh|s ibete i- a single large lore.il pit I*** a*i •! aboni 
(' rridwaN between r\r 4ind e<os|fd and sorm %%Kat be 
loH ilh'in ofi ih#- sid#* 4rt the head Thesi* orgaii** are 
sensifi\»* lit i#'mpef ahir«' dif!«"reni rs of alnMit 2 Y 
and ari‘ apparentb n-ed t*i bw ate prev whose tern* 
peratnr* highei or lower than that id the 

sjit f oinicfing eriv ironnierit 

Lo* t^utotinn Koiir baso pattem* #»f liHon ^.-tii 
are found in snakes and «fceveral rnav Iw* used bv a 
parti<ular individual at different tjmes. 'f)»e most 
fdiniliar tvpe is serpentine * i. ubnear. In lhi« pat- 
tern the snakr moves forward bv throw tiig #nit 
lateral tindulati«»ns #d the ImkIs and pushing them 
against anv irregularitv in the -orfa# e. Snake* 
using re<tilinear Im-timofion move forward in a 
straight lirve, witlK.oit anv lateral undnlaiionv. bv 
pnafueing waveltke movementf^ in the !»e?|> platen, 
{..aterohdiear b^romotion or ^tdewtnding id used 
primarily on snv^wtth or yielding ^iirfarev and ie 

; 7 , Sqocimoto. (o- ioccMWotion in inakei. Con- 

^ corHfVQ locomotion. Succoiahm tiogos showing oxtomion 
of hood otid nock foilowod by pulhng forword of 
body ond toM; coifs oncfvor body. 
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Fig. 3. Ooruil view of tower jaw, demonilroting 

Kow o inotie swallowi prey. 

vnv In rhr *»niikr «nc lior*^ a p<»r 

Hon of ihf IkwIv in iln* ^iibstrafnin /iinl tiff*' thv rr^f 
out latrrallv to a tiirw poMtion. Whrn ttio iifircl 
part i*' .inoliorr*d a^ain. ttir portions of llir l»od\ 
Irfi liotiiini an* liftrd to thr* nr'w posilioii. lU a 
(onsiant lilting arni am boring of altrrnatr^ t>arts 
thr* Miakr rriovi'*^ in a latrral liim tiori. (.on<‘r*rtina 
birofiiotioii rnovr‘nir*nt losonibb's itir> <*Hpan<»ion and 

toritrartion id that riiush at instrunirnt (mo- 1! t 

Othrf intnififs. Thi* lirtHii bodit\ tiiio lions oi 
siiakos thoimori'^iiiatiorr. rrspiratiori. rvrrrtion. 
and fdiiniriatiori arr tbi* samr a^ ttio^r in li/aiih 
DefanM mtchanismt. SnakfM and h/ard^ air 
alikr in iilili/in^ prorMpsii. and (lii,(lit a-« thrir firm 

I'ipai inran^ ol ilidonsf Proto('ti\r (idor.iH'»n nt 

piinn* nnpoiliini r in ihr lirni of ttirsr irsporisrs. 
^Ithoii^li all ^iiakr^ all* l iipabir of surni* « oior 
limner, nonr >^|iow tbr maikrd < bunf!r« < barat tr*r 
|slif of many li/urds. .Nnakr*- air rxirllrnt bhilfrrs. 
and lii*«*«inii; and stiikin^. soinrtlnirs uith inoutli 
riosrd, ina\ br iisrd to iritiinidair or diHroiii.i^r 
possibir juf'dalors. Among ttu* most rflrM lisf drtn 
to altai k air thr ^^pri iaii/rd «\ainiiig dr'\ ii i"- 


of thf rttttlfHnakr-'s from whi<h thev rereive thrir 
namefi. Rattlf*»nake-». howrvrr, ar<* not bliiffinii;;. br- 
ransr lhr> ran bark np thrir threats Hith an inji'r- 
tion o( \rnoin. 

Ecology. The* -eoiHorial and daily a* limits patterns 
id snakfs are* nimilar to thosf deM ribed al>ove b>r 
li/ard^. More- -^nakeH are* norturrial than diurnal and 
ttie*\ ge*ne*rall\ fuiir a larger home range than do 
ti/fireb. Horne* are? found in most spei if*< hut 

no territorial lieha^ior i** known. A “I’oinbat dane-e*” 
in which the* male- rc'ar upright and push and 
we*ave- around one* anoth«*r oi i ur** fiecpienlU . The 
dam e ha- o(t«‘n b4*«*ri dr -* ribrd a- being a i onrtship 
di-plav. but it always mvolv*^- two male- Its e'\a« t 
fum tton miiairi- a my-le*rv. >i».ike‘‘. are generalb 
nongre-garioii'- altinuigh tin* -e*a -nake*-, l|\dTo|>hi 
id.'ie, Havel in bilge -i bool-. Migration- oi'* ijr iri 
{(‘rnpeiate rr*gion- to affcel from denning -ite- and 
ibr- -r',i snake- migrate anriii.illv to brei'ding 
gKiund- 

CoUftship. f .’••iirt-iiitt I- disltnr ttve for r a> b form 
bill ii-ii.fllv ifimlve- tracking ‘d iIm- fr-rnab* b\ iln- 
male lorisidrralde nu//lmg and ruldung 'd tb** fe 
male' bv the iiiab* ami a wr.tppifi^' *d iln* bodtew o| 
the iiri'editig pair tigbfiv aioniid »m»* another t*u 
mating Male -nakr- iili|i/» llieir liemipcoo - mui at 
a time. KggN are* buri**d or bidden, am) air* le.iiben 
nr • ab arc'oii- . Ilevelopment i- ♦•vipaiou- ton\i\ip 
.iron*.. Ill viviparo)!- Im tdialion .o ge-t.iimn t.ik» - 
about fit! IHH day - 

Nutrition, f ood i- almost alwav- ot munal nia 
terial -m li a- amidubtan- repijle-., bird- .md tln-H 
egg- and mamniab How* vm -nm# Pirm- i ai |«/ 
aid ami -rueki- e^;;- In .t bu gr eximi in-i*. i- runi 
lu-ks. ni n-b. iind nm-t -nakr- {'r'nbaldv e,(t * .irimrk 
d'be mao»Ml\ nt -p#M res aie talber -p«*i ifn m tnmi 
prefru'en* e, l*re-v rnav -imply be gr.ild»ed md -wa) 
lowed. iU‘ *4pr» iali/a*d lerhnrtpir- m.iv b* ernplnv rd 



Fig. 4v Daeytltion of voeyomouft snokos. 




u|ion ihr tIonMrii ii«kn •»< 

vuiinn bv man> f<«rnw. In llu*^ * !b«* 

j*«Ml ^>rpjini-m i'* an«l h in ihe 

<n«*uth while i oil** t*t lh<! nja**« nijr Ihk 1\ are 
Kjaj^jwi around {he pre>. The ‘oiK aie ^rntdiuilh 
lijfthlerjed unlil lh«- vi» {im’*- hrart *|i*ps t.i it 
I ale-. Venom ni4i U* iiiiei lrd into the Unix id the 
pre^ h\ i erliiin t*«rn»-. FoimJ iiftn le- are 
• Halhmrd ^hi'le The priM e*'- !•* 1 4*mplr*\ hut i**n 
-ol- |»riiniiiilv t>t 3 -erie^ ot • f^xdinated if‘«or 

**i the head and mh-. I he |iiv%#*r mu- ate 

<»;ifi*'» !ed l*« ii?:*" an‘»ther i^\ .it» rh^-'in l(]^ario'‘n( 

uho h all»‘U- **40 11 hah h» I*#* Hoot'll inileiii rnlMiliv 

»he ’f»fhrr ! In* terih on ihr ».iu- af»' rfiuMeil 
ifuit hv ahertMtf*l\ the rti^iil half «d the 

jjnv* »« luatii aifil lh*'n ihr ir-jt jnd hi*f*k!nji fh^** f.'-*lK 
»n*.o rhr |tre\ the -nak» jilr-r.iih putU ll‘•»'h <ofu.nu 
!.».* r tJje pK*w - jjrtidv 

V^nOITHHIS SndkeS. [hr \.i^t inajoftM <tt Iumm 
- f.ake*. are harinh -^ |o :nan. .ilfhou^lj a h unlirf n< 
•n ihie mf!>i r#n;i -eii/tu* iin»ii\ uifh their itn 

‘fii I*{li - I he . rni'iJi appaiat'i - ha** » voh»'r| |■^f^ 

;i iii\ .i' 4 itieiliot] i>i olnaniin^ loud !oi» u i- .»Uo 

i<i'. •*! (' .1 JiUft M-* Ijt.t'kfo.. \ #'•} 

h*' |d,M f'd irt diiir » je‘* 

. • tf’/‘ '*• f at’i * I hr*‘f (.»?•■ 

„ - ' o ' .1 * » t ♦ ! f • 1 • 1 1 - ► j M ' ? h t u’ i \ t » i (• M I M 1 1 f j f k ! f o - ^ 

f iji.-' '« Ik. fj h.iN*’ * iM/*' ii; jh* frit <1* J|m .Mo.iM, 
Ih -i fit f'.r r t.uu;- Hi ’h^ Jf--nt r,» 

'll n ' . t ' ' . I I n " ►' o 1 K I ■ k '. r ^ 1 1*’ * i ) n i u o ) f d . . > » i . 1 1 u 

:• ■!• f -kj: J ■» i.h-idonl jn uhnh tiji atiTioim iaiM* u* 
f i' d .Uid JK.J!,.*s ahh t'.r » X I t>|.r ' rt; Huh i " 

‘ • i:T ■ o; i 'p.tk' s .H!ij I • ukI til* ‘■••h n«' 

'"'i h*.d*.i.» i'l uhf h fhr l.M*/" U' m‘-rf!r«i ..ji .'<*» 

rMNill.i “o fh.tt ttu \ •^}.)\ h** r«»r.tfed foi 
•.i ud u};»K l)n {J'.ioth )• "peM atlii ♦-dd'^'d l-.i* k 
,j, o-j-f th^ i.ko* o! fh'* I'lt 'ijfi uhin I!' ’ h V o I' ui 
’ ‘*1 \ t , .r i - 

t .H<' li-’olfs flio^ljtied < 1,1 rh» ifO»*f»otl m( 

jfi!*. »he viMiKi aful llo' ..erown ;:hiet«l- « 

' ..dft ed -di\,irv judarol- * ofuu i ted to ihe s d 
h' I ii'Kt t ;n*}-^«;es .ui »jt k-. ,»!i 

; ro^| V ph**lO ^n.ike- f«u*e the v<ui*»Ms Hito the 

u.»vind I he \t'norn ,i-eli o a ^'itnph x *ih*T.ifof 

korit.unie.i: a fiutiiher of en/v;»ie- (.erfiin *d the^# 
en/NMtr*» aita* k th** Moorl <,ih 'T- ilo nirvo**- . ^ 
anti -viyne are -pi*a<ler».. [he m rpitn o< t > l. 
-pe, jr'M iu dolint ( ami vi>rif.iin** dill» frni kuol- 

ofii}»niAtn*n*. and propor ri»,n’‘ o! Un* d.eleternoH- 

fhe rear fan anti proirroth phoiltmt 
hake rehftivelx *h»>rl tain;' and reipuf' Mvine . hex* 
•tit! of *he \i<tim in iirdrr to tnie. f the xenorn 
rt iir fanttied form’* aie # un^eipK iiih harmlek^- 
hitman heinjif’** l>eeaji'*e ihe' < annol uei theii 
rhoi|ih« (ironiul dn% part of a per<**»n\ Uvdv to hfinit 
the faniiK intrv «'«*ntaet. Viper-, hkfiwever. luixe x'erx 
long farijc^i aind thev Jit^uaih ►•trike or hi?e uith 
hlindtitu; ^ipteed. Their in)[e<fioii nief hnni^in t*^ efti 
' lent and a hue it^nallv mearp^ that a i on-ideralde 
amouttf of ha« l»eeTi injec ted *n5o the xiitiri, 

CtMSificatHMI ef SlurkM. The foUiiwing h^t tndi' 
rair-n ihr mniior |:rmip*4 #x( iiiinjit -nake^ and iheii 


1 ? 

Thr (luitih, TV|iihiu|.ttdfte« h « i|tt^ 

(ionahle *i4iiake (iroui* hex au^r in* may far 

hmhle^** !i«ard*k 

Kainih 1'>phliU*tidae. < ir« ntnlropieai 

harnti^ I rplol\ phh»pjdflr ; i irx utntrxxpi< al 
Kamitx Viiihidae: Hi»<,thue-t \-iii and Ceiilraf 
.Vriiei na 

FartiiU Huidiie: i ireuinii«kiu< at, ueMrrn I iiiled 
Slate- 

Familx t .tihihrixltie ‘ i'>>Hniop«diliin, exrrjii fiifiid 
aiea- . -inne -pri ir- aM* nj i-(hM|rU plixHlmU 
f anulx Mapidae \lni.i. X-ia \u*‘lfalhi. the 
\u>en4.4H. all -pe* ie-aie pii»|ih plnnhotl 
F anuK MxdTiiphhiiae ; »n e.* o t>l the Indo Ihn ihe 
fe^i.»n, tforn VfM»a <»fj tropj. al SutrvuA, all 

-pf4 le- tile J>l ojflx phodonf 

I Ulul* \|p* T»d.ie kura-ri. \liiia, .ill -xpr eieii aie 
I'T.l^dx pllod'-lU 

h i.MuK t foiahihie -oKijufn .uni eu‘lein -X-fa, th»“ 
\fiH t i» a- .ill •■pr* »r- .u pi o^lx plu»<|t»nt 

! I M *4. : 

j .</»/« 1 I \ tljiver f hr \o.'r<ri// //n,N»M 
■ u t f, * f f lift i 1'^ I fisitn \ lit} ti H t'phit 

< II ro| '*■ ^^•(;Arx f.'ue ./»;•/ //uo //rex iiii". 

, H \! H itfiiihoitk o/ / t.'iiftis 

Square 

\ I pf.Mje IwKindr'rl lu h»nf ei|ual line 

•i pK;i'nl‘ ‘O ..i.je-. r a< h |v\o of uiinh iUe eilhr^? 
p.Uilie} III rnKloallx tier pendn nhu 1h- intet-r*il 
‘ide*- f|ei/ » ruin#' loiu prnnlii xriliiex id the 
•I|‘;ai# f hi’ dif^oOil' |oiri p.Hf* f»l velliir*! thill 
kM not on A udo fhex jtf« eipi.d and tritiinallx 
{orpimlh du Ii ■; i' fh»‘ IriK-lli »»f » fcide #d a 
iioiie kT iU» 1 I- 1 / » it of >i and ihi*' »'• the n>«* 

t«' Uiofi ftM • allin*,' 'ri ipKiird ' The Mpiare i- 

^xi'inotin ihoiii IP ?x«.o di.i|{(*fUih and the tixn 

linev (Itat join itn- norlpoint. id tipp .-iie unh - I In* 

o} unit Md» !• the unit of .Uifl l*eihilp‘H the 
-iki'-f '.un* th#*or#'fM »d t#r» f'k jiferunru x itiinefn 
uu: the ipiaif r* lh» tiie*»M‘in of ISthaiirfif /|» 
U he h ,1 .'•# f f V tif tt the ■^fpiar#' *'tru frti mi ill » h\ p**fe 




M SqtMVfv w«v« 

nune r>( a right triangle haa an area that the ^um 
o{ the aream of the Mfuare#* ere#*ied on tb<* two leg*. 
of the friangie. Spertal <.•af^e^ of the ihr^irem wen* 
known to the amrient Kgy|rhariK, who ap|ilird it in 
surveying, Inhere in reason to douht that a rigoron*^ 
proof of the theorem wan fihtatned i*v ISthagoraM 
or hie »4¥ih#Mi|. The firi»of of the theiirein given in 
KiK'iid'H Elf*fnrtit% (Book I* Propo-kititm XI Vf|j is 
genefally rrediti-d to Kij<*li<J himself pYTtMi,o 
nr.KH 'tiiMiHt.M: f^i aokii ArraAi.; Ki.i YANnit.. 

f r.M m , I 

Square wave 

A rei ifrrrni hme varving him tion that ritalnlain^ a 
rotistant value for a hK**d interval, shifts to another 
4'onstdnf value fm another fixed interval ami re 
peals ilo's#* altiruation*' at erjuallv r*'Mirrmg prii 
ofis. Wh**n the fwtt t>orlioriM of the wave r|o not 
o4'rut»v eipiai tune intervaU. the lum Inm is soriie- 
Innes trlmed to as a rei tangiilar wave. 

Analytit. I'or pufpos«>*. of anal V sjpiai** waves 
niiiv he expirsKril iitaf lietfiat u a 1 1 V hv a l’»»nrier 
sriM's 4 omitting 4»f the '‘Urn ol h«urn4»ni4 allv re- 
hileil sirifiMonl-. the low<*s! . freipiem v i oinfMim'nt 
having a per mil r^ipi.il l4i the petiod i»f tin* -4fnare 
wave. I*4»f 4 \aiiiple, the s\ ntrnetr it a I wavejtirrn in 
the liliisliatnni 4 an la* .ipt>tH\iiriate4i hv tin* surn 
ol till' (iiiitl.inM’nlal ami odd hat nionn - h:tving a 
■Hp»*4 ili4 t»has*‘ rehitfi»iishi p I he hitta*!. flat l«»p inav 
In* lairlv well 1 f*ptodn4'f*4i hv tin* n*'!* ot llu' fiinda^ 
nuMtlal ami a li*w td the hiw ei tiMln tiai tnonn x. 
whereas m t urate iet»r4-s4*niation 4»i tin' 'harp Iran 


(- H 



Mothemoticol r^prtMntolion of sqvoro wovos. 


aiitonn require# a larger niimlier of the higher-fre 
quenry eomponenl^. A detailed Fourier analyivh 
would show that a« the number of term*« in thf 
serie- appriMir hew infinity, true repr 4 KliJction ttf the 
nqiiare wave would he approximate^. 

Where the waveform represented b\ *«iirh a 

series represents- a real i|uantity. Htn-h V4fdlage or 
eurient, tfie < oni|nfnent.s specified hv the series ati>* 
not rnathematif al fit tifui. *I'he eomtn»nent frequen^ 
l ies of voltage 4*r <111 rent are ai ttiallv present and 
e<in he identified and rneasiirc^d. Srt* Wavi.iohm. 

\ONs|N| MilfiAl 

Application. Square waves ar#* u-^ed dire<*tly h»r 
measurefnent 4 d the transient re^p 4 »nse 4 hat. u lei 
isiii and imiirei i|v for the fieijnem v 
« haraetn i«ti( t*f riet fii* sv-tern". Mathernati* ativ . 
tfiere is a nnirpje rehitiinixhip h«*fvvefn tin* '<j*iare 
wave response tif an ete-trii netwtirk and its fre. 
t|nen 4 V I hara» leristi«-, 

In addititin to the testing of eie« trie eireuiis and 
sv-It'iu''. geneiattif** of s<|Oiiri* wavf- are n«.ed a* 
4 oiiiponent pail-^ in ni.inv tdettioiiu -\K,i,on'‘. in 
t hiding iligit.il I ftnqnip 

Generation. \ squ*ire wav** m.iv h* gi‘neraJf‘«i 

fnnn a '^me wave -mm#* hv a 1 iiinhinali<*n of ainph 
fii.ition ami liinihng « v#* ( iin*is» » imi i 1 1 I ivt 
IIIM t|H4MI‘ wheiehv tiulv .j Ilf ih# wav# 

paialh'l It* lf»4* tune iM-* »*■ -♦'I'n t##l iml .nuplito'd 
Mt»rt' tdten -ipiare wav*^ iie g4*n»i.»feil h*. vaiexi- 
f'Ufus lit r4*hi\a(it»n n-eill.itof s. «.u> li a*^ l4i»' fnnlfi 

vihf.ttitr « v4’4‘ Ml I MviuMvitm* I hi*- i-^ nsji.ilU tin 
pieferi#*il niefh«Ml wht're -ht»rl tratt'ition time-K .m 
leipnrt'd '^ee \\ VV I s|| \| |M. I 1|{4 1 I 1 ** 4 . M /. 

Squash 

\ tm inher *‘1 the phinl 4U«ler I anttMiinl.ih - s,pia“h 
h.i- been given tv%*'» di*'tnt<t <i< ti.nitiMU** Nat'e 
ta xfuioiiii^.!*- have limite«l th» t#'isn '*<pi.ish tn all 
l\p#‘saml \ ai ieti#*s i>| ( nt tnnMttin \* 4'or4ling 

to !h4*i» < l.|s-vitii ation. ifu- varn'tie- fHipnlarlv re 
h iff'd to a- -iitniner sipni‘ihes ar#* !«*allv |•nnl|»klll^ 
()lh#r la\4#nofnis|s. Intwiver. define two tvpr-^s of 
sipia-'lr il» sninrn#*i ■‘•quash, whnh i^ ih#* eclihh* 
tniit t>| ,inv Np#‘i ies of (,ti* arhttrt. 1 tunnoiniv (. 

nli(t/f*d when imtrtalui#' a-' a lahle vegeiahh*. 
and I iN Winter '^qiuiAht whieh i** the »*dihl»' fruit td 
anv vpi^ ies of ('.uruthifu ulilt/ed wln ii ripe a- a ta* 
hie vegettihle. in pies, i>r as feet] tor livestock the 
flesh ustiallv being hne-gi aim'd and <»f mild Havor. 
1 ‘hese latter definitimis are most widelv a«'erpied. 

Chefacteristics. Squash and pniiipkins are warm* 
s#*aHon annual t'm urhils native to Ameri* a t ve#* 
\nm At. im.aMhK Piqnilar varieties of summer 
squash 1 r*/h(/u pepo i are Aellow Mraighluei k. 

('.♦vi'o^eJIe. Sallop. and /urehini. Popular winter 
squash varieties are Ta!>le (Jwsrn < ( . Butler* 

nnt iT rnosrhataK and Blue Hiihhard. BoMon 
Marrow, and Butteruip (C. mntimai, Hvhrid Mim* 
mer*squa^sh varietie* are lieroining increaMnglv 
(mpiiiar. 

Plant of inoftl stinmier-«vqua^*h varieties, have a 
hiixh ha bit: mo^i w inter *Aqua^h varieties* have a 
vining habit. Howeri^ are momrerimiA. with the 



«it«fnmste t Howcr* formed i^Arlier and m 

^rr^tvx ttumber. »r Fixiwi^ S«|i4tf^h 

afftd ^nimpkin* ^ill not c n^^jn-jwiHinatr %ftilh %vatM^ 
ttiwl mo*^kn>H«HA u#^r* Kr « rio>, 

{■f s^x*. Alihitugh m«st Mtmirif't will 

%i*ih ptimpkM}*^ and Hini»*r Mfuash. and man« viinlrr 
%»jn rri^s^ %fcilh each 4iiher. the rflet t in ihe 
^eAf thr\ t rri*%.** iji onlv on ihr Mf<f»d ami not ihr 
holt, ''ee HatthiNt. \ v\ i : Km n i. 

Kfopatsation h\ with plant tna** made in 
after danisrr !•• pa^l. Srt* sin» 

K (>t•va^ionallv 5WH»d« are plantni in green^ 

f 14 »i ; ami tran^planfed to tbr hr-M Hhrn .i } 

id Field opai int£ nirh pLint hahic ttntnii: 

-tifjeiirs Mie »»firn tn im\s«. that ale H U? It apart 

HarvMting ind sloragt. Il.u^e^hnin «•* ^utnmrr 

m; ja*-h hejiin-' hrh»if* ihr Iniit nods harden, u'^ii 
.‘)l^ 2 <1.4''* fitter hh*'*'*'»foinij iind T'M ttuda^** «ittM 

i W infer •'«pjrt‘‘h atr liAMe'-fed v^tirn ma 

• .:* ordrnafii' Ht* I /ti d.ivx affrt pl.uttinu 

P. *'.f ha = v e-.! f efnprf :tf 111 e.. nl “ifi ">’* F -tf»d lu>% 
f''n'>.i<|ji * hnkfi p^‘d*in;£rd nitoa^**' Varn iH-. diflr-r 
‘ht» i: tpi.clif \ pr .i\ f»* . of>if».| pdiai^e 

ift th.i h» Id r<-«hji » ‘ '►f«oajpr df*** .im* pi'dd«*rM<.> ^l<»f 

• ;.f h^^..|N the « ijOV ei -.hOl •»! hi|l 

»/ • ih- it) .» 1‘i--. ot • vif I M d> ' dr life ^ ♦u»<l |*f»*t' If!'* 

If. 'Mj.i < -ildonua a»id \*'\.\- Atr i«iip*.rMiii pm 



f g ! Two o* %0wONh, C unjfhifa ;>e|[>o 'a Sofn 

C k S.^mr’eT Bergen fio»^ I M ft<i *jr 

^* 1 ♦' Storaard Cyr toijvdiu of Horf f.iJfvrp vol 2. V.'ir 

-//on }935 



^*9 2- MoHt* ond 4hH>fXioo td »qiio»h t<wiy*t dw« to 
•noiiCMc viruf. 
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Fig 3 

Two virui^mOHlod 

cfooVnrrk tqimuh. 


*<' Healthy Ifuif 


dut ioK '■tiller t <iMl' %>'*l s , pi MektN ; 

\ I «.» > \HI I t HOWtNf. I H J.r. I 

Squaih dltoatoi th>*ra*^< M « an^e ^jhmit a 

<Hai iu%«- III ftie lei. id 'i^|ua»>h 4tuoiall\ 

K'r.»ta», in ('.ahfionia. Ie\j|h. Floridu, ihe tWidi^r**! 
.ifid thi iiod \t|a>ifit Mie v vilne id the «i>«|uaNh 

* III thr *<‘ »■%. r-i'il.k titif tHHl, Srinl d^i rt> 

!*■ 1 ur* v\heij H,oU air viiJ and hrln^^ 7!» I N*rdlinit 

^fiiH^fh |H ^'-^Hiil l^h'’n .11 r miImIIi’H *> 01*11 **ilh 

ad^'pi.itr '-inl niuotnir ami air pfofr-i ff»i| Hilh 
either ti 11 / of ihloiaiul >>0 -l 0 / of thfiarn prf |t|t1 
)h id ‘>r< rl Plants itdei (rd lailli ihr fnnj|iu» K'n^fir 
tutu yolii*\t .If' »»f»lMlrd. *rlloHr’d ^iltrd, ttfld pf*i 

dll'* t'' I mmI*’ i he flip*. Kiiifirt iiio-i. htrsik till lir- 
1 .iii*r !h»- '^'rakni** and if.ii<llf«i thr « iowii%. 

lofr. !»ii ‘•ipiadi ‘.rr<l shnold hr Mi.‘ik<*<l lt»i h tri1JUllr«4 
in I liKHi loi'firiiii 'hlofide and lin'*#Hl virll hrlofr 
pl.wiiiM}: ''^f rd Nhoidd not hr -.oUn Ul infr«.trd Mill. 
,1^ tin liinrjn* ir-ri. ui fh<* '*“d for and afta« ki^ 

hoth •'ipuidi and inrhoi* Moioiir iiiiiyr-*. vihnh an 
ii.ith •r»'d hornr and in*>r« I tr aiixinitn^d. inolllr ihr 
h-n*^. ih^i 2 i ami dj*if*»it thr I Fij^t, *1» 

\ oo- Itrr wei'd i hall Vk red it^V illllntf lifld 
.'•tif;.d .'O^urr '♦atl«if.i« l»if \ ^iridy. >rr flAiTiai^; 

* M V iWI S. I 1,1 M 1 

>t f \nHI< I 1 M IC;\| m,« ir m r 

« I't f ' ; 1*1 *% f nt''! . 

Squa&h bug 

Antttii an in-n i rd fFir farniK f!#»rridar. 

order llriniptef (I, I'liih ih utir <d ihr l*eM known 
jjardefi j##’*.!*. It p»rm tnrr» the |ra\<** and «|riim of 
thr -.Ipiadi and (“ink* ihr pUnt lunr^, |r;ivin^ ihr 
Irirfvr^ to will >ind dir, Thr^^r hiiir.t^ a|w» lr#«d trn 
jmmpkfn and other fijifirhtf* Thr adult Mpitioth 
hui; <httk hioi^n^ lrrin({ htirl*' markr*il wilFi 

hU* k o%rr ii wdlow ha* k ft round. Thr wrr Ititd 
tn « hiMrr** of ah<Mii 2ni <iri the itndrr Mdri> of Iruvr*. 
F»rh Irniair wifi lay *r*rriil hundred rmr*. The* 
hat'h intr* i^rren «nd hla< k nvtnph'^ tuit in ^11 the 
rsfher rivnifihAi they An* gray. \frtAfvmr|dio- 
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Th« M|uaikh bug, Ana%a fntfiM; length about '•< in. iProm 
P, L. Ppfm 0 r, PieMhooIr of Natural History, McGraw- 
Hill, 1949) 

hIm is (.'j/iiliial and from to ^0 da\’^ air irmiurd 
t#> roinplrlf ihr lifr rvr|r, Thr irv. ii\ r*r \% mtn 
i 4 *» ihr atliift. I lirrr arr six ofhrr -prc ir** (»f thr lirnii- 
inuMt in North Arnrriia, iiriv of wholi ina\ !»»' 

< allrd squash liUK>. lit Mir him. ' I n.H ! 

Squid 

Afl> of Hprrir^ of l|ir suhoriln |)r*iaporla, 

oir|ri ItihraiM hia. < f irpfialopoda. pli>luio Mol 
liiM a. I hrrr air srvrral li\iii)i spi rirs cliMch fl int*» 
Iwti families 'I’his stihoHirr iro ludrs uoi onlv thr 
squid, hut also thr rutthdisfi and th*' -tn.ill spirilla 
I’hrsr atitinaU all hii^r 10 arni'^. in ronlrast in thr 
8 of I hr ( h'lopoda. 

first ktioun of tlif* squid is thr roiniuoii *>ipitff, 
/ow//#'/. o| ilir Atlaiiln Toasi A ‘•luul.if foini 
on tin* Wrs! ('tuisf is / , o/irj/rsr viw. 

Squill air uoiidviidr in ihrii di^i i iiiulion I hrv 
iirr usrd loi fish halt, iind iirr iinpf*M;uil footl ani 
riial'* in itniii\ parts of ihr woild. W hrn U'‘» »l I'-r 
food llir\ air UHinill> diird. I’hrv air al*-i» usr'd Im 
Irrtili/ri .Squid airiNitrn h\ inaiiv iii.inrir .iiiini.iK 
noiahlN tlir sprrin nh.ilr and xaiiou’' hshrs 

i ithiiif p*Ul/t't in,l\ hr ron-ldrrrd tiphtll ll !'• .lU 
rioiicatrd, •\lindriral animal, v^itii a pail td Inroad 
tins ttii flir dof'-al of pM^triioi riid ll li.l* I0 .urn* 
rat h td whith hrars t nplikr sui krts o| thr 

anil'* air nmdifird into lon^, rrii.oiih* iroi.o h *. 
riir arm- and tiplmn irpi’r-*rn! thr mollo-i.in limt 
A imintlr surrounds all thr inlriiuil or|ian- 1 hr 
slif'll Is rrpirsf'ulrd l»\ a -Iriulri nul i allrd ihr pm. 
uhiili hr- in thr aiilniui pail of ihr anitoai I lo- 
lai^r hr.id hrai - I v\n t <m>*pi« utMi- f‘\ r-. ^uprr lit'i.ilh 
idrnlnal to ihr vrrlrhfalr r\r lu -friittnn* Thr 
hrad and ht»d\ pun h\ a nrrk. just hriou thr fu'i k 
i- thr siphon. Thr Irrr rdjjr of ihr inanllr torm- a 
h»osr < idliir artMind thr nrrk. In rat h -idr of thr 
inantir nuitv thrrr is a ^itl. OidinatiU %%ittri 
passrs lirrlx in and »uit of tfir inantir ra\it\ hv 
rxpaiision and rontrariion ot thi' inantlr. For “irt 
propulsion.'* thr <’olhu i- r|o-*ril aruf %\alrr i- (or« i- 
hlv rjrrlrd Irotn thr siphon 

riir intnnal anatfunv of ihr -quid is oifirrMisr 
similar Ui that of a t\pitul riam rxrritt that in 
addition to a livrr thrir is a srpaiatr (min tras 
T%%o pails of -ali\a< \ glands arr also ptrsrnt. Thrrr 
iH an ink sa»* oprniniz into thr inlrMinr tn-t l»rforr 
thr hitirr triininatr*i im thr anii« in<idr thr •iiphon. 


Ink from thiis nar ran hr dis4hari^»*d ioto tlir natrr 

a mrans of rst apini; from an rnrmx . 

Srxr<» ,irr s#*parttlr. Thr rg^s dr\r{op in otdonjif 
^fdatirtoiiH rapsufr- from %%hirh an aniriial vvifh ihr 
form id thr adult halrfir^. 

.Squids harr a dr< idrd ahililv to rhant^r mhu 
rathrr quirk l\ and through a nidi- rangr of shadrs 
to -ml thrir rn%ir<uuiirnt. Thr\ rat tru-larrano, 
fi-h. and othrr m**llu^ks. v%hhh arr and hrld 

firm l»i fin* smti*)n < up- «»n thr arm- find Irnlarh -. 
'^ipiid- frrquoiillv tM»iir in grra! -rhool-. and iirr 
among thr rno-t rornimm animal- of tluir -i/#* in 
till' -ra 

I hr srii iirri»H. Onnntisthi Mtiiittus, hrloiig- 

|(» thi* fitiiiih of thing -quid- and giant -ipinl-. I'hr^ 

• an irap IT) ft or luorr fr<uii tlir v%at<'r. and iiioNr 
uiih gri-.ii -p 4 ‘rif thr*iugh th** *Mran Thi*\ itlain a 
li’iiglli of IH in. and |>ir\ hraMlv on -t luioh of 
firiiing .ind rriai krrri In tuin lhr\ arr tlu' f.ixoiit^* 
tofid o I tfir < od 

Ihr gi.mf s<|uid tr^ hitrnthis hot if v/. i- ihi* laii: 
#'-t ill .ill inv ri Irhr alf*-*. I hr li^idx fsa- lorn xai«rni-l', 
pqiiiiirfl liiun hi !•• K* fl jju‘ urn- an- 

Hi It long .ind ihi* li-ntai h*- long a-- tl (tnl> ,t 
fi’v\ nt llii’si- liugr .inini.th livixr hn n « aught, lati 
gi’»l arm- tiom • .ipiufid p»iji' whih- ind: 
i atr that ifu’N max hr r**! ilixrix . omn'i.n i»i tlu* 
il' plh- ••! ill r Of #a!i »’'!»»’« I, illv in n'Ollo in 
Ilwir .III* unxriilu-if l♦•pl.lt- ol gi Ml! -pinl- mm h 
iaigrr ill. in h.ixi* hri-n •uppoihtl iu n ti^i -pi'i i 
im n- Mu- aiiim.'il i- pi‘»hahh Hu i».i*-i- tof im *‘-1 
-r.i -ri t*i'iif -loi u*' 

I hr iUlllr 1*1 Mltlh'll-h JilO nllf i S, 1 f 
iati'd tt» -tpiul- It*- ink i- tin- oimni.tl Irnli.i ink 
If I- a|si» tiu' -ouj«r o! thr » <»|or -iqua of ptunl**! ■* 
ll- mirrnal -lull ilu luttlrjuuu u-ni in hud 



The U|uki. Lofigo peolei; length to 8 in from P. Mor 
tin Duncon, ed , Cofse/f f Natural History, Cassail) 



Tbr> are w<irWwklc jn thetr diMributUkii ami 
common along th^ \tUntir Thcv ar<* 

ciMrd {or bail and fo«Ml. »c O.^haloi^ou.^. 

I J n n , 

Squirrel 

\t\\ id man> moderalc ^.iaKl arUirral r»Klrni^ of 
rbc faind' S^iuridar*. fotmd on alt th** MMilinrniH 
• r'pl Xu^tralia. S<|uifTcU arf' rharacirri/rd h\ 
Jung laiK ami grrat agililx, 'Ilirv aec 

khoHO foi fhfir habit of storing nut**, atlh^oigh 
fb^if tlirl i-* ijtiitc \aficd during tbr ninTimri. in 
« lodoig l« and othr^r •^inail animals 
,i vrid^' vrt»’»«'‘t\ of plant malrrial. -jw* iri. 

r'^hibit tt fonrln#’*"* for bifd*- and fhrj? cggv 1'lir 
nn>*» common ol thr I nitcd Stall*** -iprs irs ihi" 
*.41011^*1. ^tiurux «4(ir<^r, and lb** gtav -ipiirrrt 



T*-ie Qrrjy «<)(/irr<*i Sfiufijt Kt 3 fohfy^fi%n. 18 »n 

I G Kfnittfioo Vifyn/o C, OfT^mosion of Ctomif attci 


'* ' itTitiirtf >i % U>I‘ hitb* M'rl **41*011^*1' 4,f fh*' >:rnu'* 

f tur it^ , iii»‘ i alo’d • ho 

Hw' Hviog «-*piirrr'l-. /irr **:hall low 

lornal antrnaU niitt ftailonrti tail- arul Vtr’b'* of 4*kiri 
''ofihriting ihr b'g'* (.fo ind •‘Hpiirrol-. ftnpniunli'- 
j»r<l prairo' dog*, arr- *h*^rf taih'd rrffo**fM.tl mmi 
t»i*f'* ‘d ibo ‘-•joirrrl fann!^ ( hh’vii Tuc 

HU IMU, , Hums 114 ' J JJ F5 

stabilization 

\n> prrwo**.^ that rntnirnin''^ or prr*\rni^ Hu< t nation* 
n> a ^piantit** or Mindition. In tin navigation of 
♦hip** and diroralt, a g\r»>*<Mpr providf-** flo’ ‘•tabili 
Nation rcquirrd for miiint«'iining a dr-^ircd dirr* lion 
of a navigational d*^'vuc. *«H'h av an aniopib*!. d<^ 
'pile th»* mrrtion** and manruvrr** of tin' ^hip or 
aiT»rafl. \!rj»rr |^>%%crful Mabdi/atioii rrimpnirnl 
kr*rp% a radar antrnna airnod in a doirrd dirortton 
ir» vparr d«*‘«tptlt* thf folt, pilo.h. and turning Tnaii**U' 
vrre rd a -‘hip or aifrraft, 

Stabilixation i«^ intr^Kltncd into vacmim tnlif «ir 
tran^i^tor ampitbrr ttagen bv inf«n<t of fwibnek 
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til reduce dintortinn by making the anifdificatit^n 
^ubManttally ind^^prndrnt «f eWfrtidr vnliagea and 
lube 4 Htnatami». Vitk magnetic materials, agtag 
and other ireatmenN piiMliice nUahitiaAtmn f»( iiiag*^ 
netic t haracteriwtio \ J .•««. ) 

Stabilizer 

'ITve horidontal or irrtnal aertHlynamic wing huF' 
fat es that provide airi raft Mabibtv and longitudi' 
nal balanrr in flighr H«n'iront«l and verlital Hla 
bili/rr** I fihi » are KimiUi le the airctaft's w ing in 
Ninirtnial design and function of providing lift 
at angle »d allat k to the v»ind. However. Mabi(ixei« 
are not iriptifed I*, nuppli to oiereomr airrraft 
Hfogfit during flight, and when the wingdiiHelagr 
4 etilfi ol ptr^Mirr i* behind ?he aiiciafi center of 
the ariikitv nnmtc load oj» the hoiiwinlrtl 
^U1bll^^e^ ma\ \*v diovnwitrd 

StablliMf arrangtmanta. siabihnts may be 
“virpt b«» k like wMirjs <«ii ontuoiiNil high Mm b 
nnntbei * bitr;o W"ri‘‘lo h I'h^* boii/^mlwi •'tabihrei 
injtv be toiind in a i oriieiiMurtMl oi lail la-t atiange- 
mnil. of in 4 « inanf *•? tail hr^i nr rangetnenl. of it 
rmti l*4* ifi'NpMt^cd wiih io give a ta»Hf»s arrange- 
ri» Ml Xrrin.tl •^niliiliiem howner, #ife ihvait 
iddv pfC'o’nt at lh«' feat td ihe air* raft m single or 
iniihii*b \M«rafi dr’ugntul ioi \rf\ high 

Hpertl** loav )i/ivi* attiiliaii xrrlii al ''l«blli/ei^ oi 
vrnifal hn*» helun the wing or fiueluge to nuntl 
ihe large in* iti diif'<linMiii H!nbilil\ that ro cm 
with • oinenlKunil /if 1 angement** :ii pos»i>’\e angle* 
• d ;itl.'n k .tl NSo h nuinbri»> iib^or- .nlrtoil 'J. Viitioii« 
•offiloli/r r «f rangeiio*nl> are illn^lrated iri the ttc 
« ornp inx ing di *ie < * g 

Stabitiging function. Tlir vt/ibib/itig futniion of 
ihr fio! i/ftnijtl -ind vrtin/il s|abili/ti» iiirtv be lep 

fr'*.#'n|eii tin e,|»j(|tjM|i 



wheM- (t( «i/t ito ditnei'i» n*nli-»*»*. tale ^d < harige 
of •'lahiii/ing or wralliei % tine tiiofnetii with angle id 
alf.n k o| sideslip, fii.f do |s ibe difliefi ►lolib’HS lilt 
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vanre ntope o( lh«^ iwdated (sttahilissifr baiH<;d on uta- 
hilizer dimftnnions^ and SyS and V/l arr th« ra^ 
lioa of Mtabilixer area to wing area, and of difftaiife 
from the MlabiliKer reriler of pre»«<uf^ lf> ih#* atr- 
craft cemer of gravity to a 4 hara< leriiiktit* length. 
re»f)ectfve|y. The <|uanfiti(> f,. and //' '(/ are flow 
conditions at the stahi)i/er, and are the df»wima«<h 
or HidewaHh and d>riafn»c pre‘»**iir«-, rrHperti\el>. re^ 
lerred to the free sfrearri. 

Control function, (in aircraft provided nith ele- 

vafiir and rudder control Mjrfa< e*^, the ««lainlf/rr«« 
fiiav lie either fixed to the funelnge of adjnstahle in 
ifM ideiice at a h|ow rate (about I" nee i for trim. 
In either ca»»e the stnbili/erH provide the ««(ippt>rt 
for the elevator and rurlder, carrving I heir |oad«> to 
the fuselage. SuperMinii aircraft and guided ini^^ 
Hile^ generallv diHpen*«e with hinged Iriiiting-eijgr 
elevator and rudder control Hurfricei^. using the 
siahili/ers (fir control as hcII as staliili/ation. In 
this case, the stahili/ers are nttualed h\ the pri 
inarv flight contiol Hy^^rern at lales up to ahouf 
Tit)*' ^sec. .See KiJcin ^ haha( ikhisik s; f 'l k.h r 

CON I MOI.S. I M j. \n ! 

ffi/i/iogropA V : B. Klkiii. I>\nttmtts ttf FHnht, Sta 
hiliti and f.'ori/ro/, PifiV; i\. I). Perkins and K F, 
llage. /liigdftn** Ft*rfarmaiu'r, Stahtitfi and r»oi 
iroL Pi PI. 

stadia 

A rtiethorl of distance sutve\ing in uhi«li rnfM-'orc 
ineiitH ate obtained froiii the interval on a gi.idualcd 
I’otl intercepted hv two parallel line'* m ihc |e|r 
M'ope of a transit or other siiiyeving iiisiimnent 
I’lu* rod is 1 allcfi a stadia rod; the lines, < ailed 
stadia hails, ate ei|uidistant ah«»\e and below the 
hori/ontal «'ross hair, riieii distaru e atuiri / n«uall\ 
is one one liundiedtii of the te|eH<'Mf>f‘*s foi n\ length 
/ Menrr the distance /> from the foi al t»oint to an 
ohpM't is |(M) time', the interval iihseived on the 
verti^ allv hrdd ro<l. For hoii/ontal stadia sighting. 


opproAimoHily 



thf distance the h^'al point and the center 

of the transit is added to the distance obtained b\ 
reading the n>d as shown in the illM^lrati*>n. This 
distamr is about 1 (t for external bM iisttig instrii- 


rneitls; it t* negligible in internal fcMUHiog iiistrii- 
ments. Further corrections are made for inclined 
ftiglitings. where the slot*#* diMance must |>e reduetd 
to its horizinital f'om|>«>nent and where the differ' 
ence in elevation liietween the transit point and 
the rod point also can he obtained. 'Flie figures and 
graduhtions on the stadia rod can read by the 
iitstniinent man through the instrunient telesct>pe, 
.SVe Sl'KVKYINC.. [r.HJIO.J 

stain (microbiological) 

Ortuin c4flored organit tornttoiinds called dvrs, 
used to stain tisHn#*^. cells, cell rornponents. or f*ell 
corilrrifs. The dvrs niav hr iititural or svnthcfic. The 
ohirc t siMtufd is <-allrd the sohstrulc. The •*rnall si/e 
and transparrro \ of microorganisfus tuakes them 
diflicull to see even witli the aid of a high- 
fiowered luicroseope. Sfains arc one of the meth 
ods used to (ncilitate the examination of these or- 

ganisins. 

Stgin cldSftification. Stains mav he < at • 

coiding Iti ihc'ir molecular sirjutore f-nr example 
tlieie are tlo^ trif»h*mvlnieihane dvrs, like the fm h 
sins an<I the in«*ihvl vnileis; (he uxa/iio' dvc's. hlye 
Nile tdije; and the* thia/iru' dve-- like tliioninc and 
methv h*fie hitif 

Fhe stain- inav also he c l.issihed an coding t<» 
their iheruiiat behavior into acid, havn , neutral 
and iridifTcucnt '!)iio < i.isHdi* ation •»} tnore (uac 
tical value to the hiedogi-t \n acid dve.w-nch a- 
(longo led and i- n-u.illv the ^.fidntin oi jm. 

laHsiutri salt of a dve acid; a basic d\e. -mb a- 
niethvlene blue and Nth* hinc, the chloride i»r -iil 
fate of a/dve base; a neutral «|\c. such a- the 
eosinate c»f tneilnlene blue, i- a cciinjdex salt nt .i 
dve acid wifli a five base, .m indiffe rent dve «u* h 
a- .'^udan III. is one with httl** i hemic ai ai fivitv 
At c»rdin.ir\ pH values, cells -tain wiili ha-n^ <lvc*s. 
at low pH value's, ihev stain with ac id dvi^- 

Staining procedures. I'he staining i**' mnioccr 

ganisins Usttallv begins h\ making a sinc ai V( hen n 
is desirf*ri to preserve inlercelhil.n relatnuis. the 
sineai mav he rctdac ctl hv a iiiic toculliire 1 ‘he 
smear or its snhsiirute is ustialiv fixed hv IumI and 
tfrutnl v%ith a scdution of some stiiiahfe iutdogiiai 
si.iin as in simple stains or, in more elaborate pro- 
ccduies. it inav he chemicallv fixed. Heated with 
mordants, stained. |taiiiullv dec cdori/ed. and < onn- 
terstained- In certain proci*tfures. parts i»f a sub- 
stralc are chemicallv removed prior to staining 
Smeer preparation. 7 'he matriiul ctmtaining the 
microorganisms (•. smeared or spread on ifte sur- 
face of a glass slide, f jcpiid materia) riiav he spread 
hv mean* <»f a (reshIv flameil and emded loop of 
platinum or tmme suitable alloy. Solid material 
mav be xmearetl diriMlv. or it mav he ujfced In make 
a su!ii|M*nMon in water or w>me liquid medium, a 
Imipful of which is. spread on the slide. The film 
produced h allowed to dry in the air and is fixed 
hv paAxStng the slide, film side up. three or four 
timejv over the flame **f a Bunsen burner. Some cv* 
toiogical pHN-edureit require chemical fixation. 
After f'tNiUng. the film atatned and examined. 



SimpI* ttaim. Tbr^ ATT in 

jKr «r the •nilMrale, in ^tamtrd t^itb a d>f* 

•M4it)ti«>fi Cor a itiven Irnfi^tb «( limr. ^iih 

air^lri#*d. and cxamiiml. The moM ^ideh 
f«>f Mmplr Matninjpt are 

lorihvleiM' hhie. a iMilulion «f i) ^ g .»f innlwlfro^ 
m .tt> ml of rthatiul. nnxr'd viith l?X) ml 

*»f o ur ; h^droxid** . ♦ ? • /irhl \rt 

, .iTf*»i»l f«f a *«»l>iiiuii ril <1 .i g Int hnin in 

iif ml *»t r rthanol. rnTxrxl u»th a «M)luit<»n »»f 
in ml of d»'*nl!*-d waffc, < .^i t 
. ?v«t4l VM*|rC. prrpaiffj h\ ritivtni;' it i) ' ^ 

.1* (r\^fal III ‘Jo rnl of , r«rli;ini>) niih .1 

vO OH ^ aimoorimm i«\,il.it«* ir> H(» ni! <»! dk*- 

^Utr'T 

Diflerenfial ttaint. I :u*’ -t fkfioiij: pi“t 

Ov.O hriftj; *'Ul 1 o|.»f .iiflrri fii lu'tHrt'ii u .i!<' 

r d **' k^^r^tiiud **t ht iv’if # o dOTt mmi( ;m»i- '*1 

>i»« -.tfi'#’ f .‘tir ri**’^ rn.i\ l»f‘ *0 I pli'^lifd l‘\ 

jr -plf- Mlinit: Hjlh .1 fO» l.r llTi'TO.Oi* d'r Nilr 
f : >* f'H -Lns(- iht ‘.il df'‘p!e't- 

M'd ,»T»d ill* ir>il Jii th< ffU l‘|io' Or jt 0» i\ 

. di'i •d"ri/,lM* ri Ml I{Mm '( itMtl.v*, Vkith 

'1- .ilk.tl;- ni 'itt.il '.••Nr n}H ..f -..Mif «>lhr r 
^r t I \ irrH'lr ■ .»! {hi !»<!»•! j • i • m r'd ■( r ik >;r 

' r »?;• * '*<**10 dod ,»• id t,!"! •-{ »ir» and tJo* 

,w, ' V. M* » MtN . 'I*' ' , \(V 

'.f.rf/M !)}«-»■ -If*' )'.»-* d ‘If', ih' !.i« ! ih.O 
'} » ^^..•r• .ti«» - Mw? fak' -ip dv*--. fi adih hnl *»n< 1 

• I'liO n -i'.l" d*'* ‘diin/.iiii.n I hr- dol* irn»i,»nii^i 

^*Cll rrd t-'iavi l*r' ,1 dll'ifr *Ml‘{|l»a) n? ,i0 

• . d an ,1' »d dvr’ '-r irjtilh.i’t ha^»* d.*' 

If 'll • -/r A /i,t ddfM*’nt)i! Oaif* i*« 

!;>•{ \1 !• ( hnn rih- ii’r d*'i;ii*n''l r af ir»/ r n k <*th-».4#' 

ft* t^Kni i|* ‘forMi i- -T.itind v»ilh li.i-*!* I'-p h 

■T^ df d»’f » ui Kiir-d wilfi a M '» i-Mlrf }(' >i iilui 

■ ‘d irnl I *1 f .HJo d \Mfh a I '. '•‘•IntloiJ ‘d 

■j* ‘f '.hr,# hl'ir f( j» k I f 1 ' *,o '■l.iH* I<d .*1x1 

rlP' hit-,. 

Nv ,t-»»r,w u'ljit* \nifth« ! ddf*i*»Hi.*l ■viam * h< 
‘-tarn In ihi** pr-n , d!»‘ « r lN 

.t|£aifi^1 .t tolmi ii ii.it k.^' til Mid I hr • Ol- 
>»f» “U--^prnd»*il in ii •lf*»jd*M tt* ihr *liin 

Ij lodM ifik, w^.ilf'f ■‘'‘d'ildr' f.f 

< rr-d III I' t .i»po*t»M*v •.•dnlM^n*' oi» ii 

’'lidr I hr dr»t;»lrf »»piriid «»oJ a tliio ? «» 

•ukI alliTVird ii» dr\ Ml do fiii U hm |*alh*»tt;« ni* »ir 
jKam«‘rn*' afr !•> lo' r\aniMird. ihr pi rpurfttpm jh 
d»pp#'.j in a mixturr *»f 1 ml « om * nti'^ilrd h*dr<i 
«hh*ri* a« id • Hfd ! «iml If*** ml of rthamd 

I hr 111 al« oh(d « i.4»rin»» rrd pirp.sf aljon* 

!•» hlnr, I #*l(rr rontra^r 

Comptei ataimnc praca<liirat. Vinon^* • i.mplrx 
^uirtina prmetiurr^ art- thr AaiselU and rap^uh* 
Holh im lude thr of a *peria! mofdani 
0» m<i rra*#* thr den-'-itx <d ihrir **nht*«rafr« and theif 
«fhfn!lT» for ihe dyr. 'Ihin ilo* ihiik* 

of thr rtaa^dla to a ranae that fr^olvrd 
ihr Itifhi mirroM^tiiw?. Thrre arr manv firr#« r<Jijfr« 
for drniotiMratma l»»»ih i>ftrnriwrr*i In addition, imH»t 
Raaella «lam>» ffH^owniend pre<‘autmii** to pr<*x'enl 
d^^InrrlMm of i4te>M* drlirjitr ^triiflure'ii while mak.^ 
tna the ameat. 


Nudtar ataiM. nueiear aiaina are baatHl m 
thr Matnina profwfiirik of niuJei*' arfdas In inaat 
oraantKniiii, parih ularh atttotta (Hr fiarlrria^ (He 
U fkh in tdxinuvlefr arid. Aa a reatth, 
thr rniiie rell, in \otiiia and nialure t'uhtirt*=*^. lewd# 
to -latti like a iim lru« l'jiiiiwei|iie«tJvv ittoM inirlrar 
in* ludr a ntrp in whit h thr libonmlrh- arid 
!'■> rrmovrd ; or the hartrna are ^rown In iiirdia 
dHit'irnl in nitmuril fUppU to hindri ihr <*vw!hr‘ 
•«ji- ^d iiltftfon h'O a< id- 

UiUmm iri« at id nia% hr tetiiioml h\ Ir^atiwml 
with thr rtir\nir. tdamiit Iraiw*. or a *»ir«ing initi' 
ruil .If id rhi* *»» thr id the wtdrK ii»^exl Ketil* 

*;rn r*“d' Imn and ^d ih»' Mfdfdrtnva stain In both 
nir'lhod-*. thr •«ri)rai |>ho #*41 III riolinaJ HfH, 

M^Mfillv ill Mt (’ f«o ab 4 >al b* min In the I'Vulirrn 

pi f ihi-* 1 *. l<>lh*wrd hv plrt^ tii^ thr ^mear b»T 

Hi winl h»<.if% 111 *1 ^oliiioMi »d biisi* forh**in that 

h,ld itr« tk drt 4 MHM/rd with ‘'•(iiitofli oV 

mrf .ihiHiillilr 1 h»' no* |r) apprcif poijlr to IoIH 

in .1 » •dio h ' 4 r|l 

In thr H< ItTif'in-ii pikurnbifr. llir 'onear i** 
-ttuni'd vnfh ihintr ’ .O'm-ttN >- 1.1111 ’^lo* k «^oliition** 

M* itm- -fain » h»rfl\ ihr ro>.)ii;(trA of meth 

>hnf li/mr i(n*i *♦! mrfhvirnr Idur dis«> 4 dve<i in a 
nnxfurr ni no thi) t*h<*h<tl •uni i^h^rio! it ts >« vain 
.Sir I \ t«do^{i« III hr< :Mi«>r 'd iK ifiet^ii hrotna 

ti * ( )l '(.(in" • hforn.iltn poiplr to red und the t\ 

rupi.i-m him' ^ f' \f (I tooiMu iM.h At mi iiKUi^ 

!l. K^^l 

II I ( onn. htb 

• d IWit, V l.ntf f Vnutiffil of 

• tiu\ IttiiiiiiStt ilf ^irtuurtii Jr^hfUifUr* iM.St; f* Kna> 

‘.-.I / //o’tn^v 4*/ iJit* ft'r till i i/o/o/rv. 1‘tM , 

'ti Xoif inan H.m Iim lolo^r^tt. Mtinnnl 0 / Ifp fiihiii. 

Stained glass 

\ !\p*' id o»f‘*l in win«loW‘>. pfiniatiU I 01 

th:ti t(('H. ami aN** in thr (Kukin^ of »tn; 4 llrf urna- 

nwf fal •d»iri I'-, ihr !•' fd thirr t\p#’» 4 : pfil 

fro fiiL tn vihtih thr * <doi !>• )rilirr««iit ihiMttij'hout liir 
ill i*‘ , rfuiin* ird, in who h *lil!rfen! «>dof«*d tran**- 
;'*.fi<‘nt iir’faDn oxidr>« iiir fti«rNd onto plain of 
tint'd i'hi'**', . 40*1 ftAfiitiul in whirh ttansparerif 
PH’tJoniH arr lMik'’d o.' hiiijinf on plain iclft'***. The 
\ ,11 not- 1 \ 4 oh^rrd. df***ialrd. and HhajK'fl pie# m of 
iifr »h#-h ptinr*! t«*ti£r'ihrf into pi# tiifial or 
iil>«^tr.'i« t dr'»>i|fnH with lend Mrip**, and in larger 
wtnd*#H« with iron atfnature«i, or lfame%. Of the 
I hr re m#»**vio wiftdoin* made *d |H»f mefal. ‘^wliieh 
fif**i ttppr«$n-d in « hnr* he», during the ninth f'rnlary 
ftt I’ttfopr ate \i\ far the attraitive and dura- 
ble, enanieh'd or painiH glaAi* !♦» relaiiveK lea** 
firririttneni In (he niiiHeenth and early twentieth 
. eniiirie*, t*arfi* «jlarl> in the United Stale**k, opal* 
e«»#eni (Tiffanx t wa *4 widely utied, but i* now 

rareU made, \ftri UorM War II. a rexixaJ of the 
prrt rnetaf tr# hnh|i»e of making moaak Maiitwd 
gUn** window « wa« strongly «iippf»rted by the bur- 
germing of 1 hurr h building. IhwH in the Amerk^aa 
and in Kurofie, See f^ii 4 aa Asu i*iicmi:rTa. 
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Statniets steel 

alloyed urith <4iifltrirTit rhrorriium lovf-r ahont 

f rcr^iHi rf|#'< tivrlv thf^ rorn^'^iofK oMdation. 
or rufttirif^ whi«d) nrdiri;ir> rarl>on ami luw allMV 
•tlefN nattiiailv und^TK** aliiu>-*phfr<r or in 

itaif or (rriDh wairr > illiiHlrafion i . Ihr^ initial 
oHidatiort of -fainlr'*"' -t»*»*l** i'^ fhonalil to r«*mih in 
thi* formal iofi of a vf*r\ thin. trarinpar^-ni, 

ami lirf»*lv adlo r^oif «.kiri »d < hforrimm oicid^* nfiit h 
in iirip»*r vioH’^ lo oxv(£<'n atui wliirh thu*" rffi-rliirlv 
prfvrnt** prot»ri*«(Hivr f»xi(laMon of tfo- rfO'fal !»• 
roMlIi. In llii'* rr-pf*< I. llir rffn t of oxiilation differ** 
fioiti that orrunin^ in ordinan on v^linli i- 

loriio*d a [oom*. pmin-ald*' h< al»* Hliitli Indd-* moi** 
lMr<‘ and thron^h wliiiti o\\j:rn rf.oliU In 

I pio^rf‘<Hsi\i‘ attai k «d tin* iiif^lal iHooMtli 

lioi anvr id llo'if ht^li allo\ < onliott ((hioinitin) 
Hono'iiiio'H aiiionntinfc lo ov»*r l!S', .ind nn k»d 
liit^ln'r -^tilh, •«*t.iinlr'^- srrr|'» arr iiirllrd i-m lo 
-ivflv III i*lf*( 1 1 ii .in lit rl«'i rrii tiidortioii tiirroii i - 
In llir ari fnrnai »\ •^Ir#*! ^i rap finiii'' tin* Imlk of 
ihr r|iiif(ti' v%liirh allot iiii'ltiri^ and n-fniinj! i- 
l>loli||f||t to lli<* dr<^ll«‘r| rorri|Mi'«j| lull |>> i ||0 /iddltlufi 
of allovH, In tin* iridni lioii fiirrunr. a niMliirf* ol 
’»<’rap and allovs. piopoi liniir'd **n ^r*' I** \ i**ld ili*^ 
df'^irrd < oinpoi»iiioti iiiidlrd ii^illiont anv ndtri 
inu opi*iJilion 

lioih '•lainlo''"*' ‘aio*U and olhoi '.!**♦'!** ari* pin 
dnrrd in lh<* form ol vMiMif^lit pioduit^ ihiii)iv:li tin* 
iniri inrdiatr ^Irp of i a*«hii^ an tni^^oi \%hit h i'o||«‘d 
into l»ar^. ptal<\ or nlno'l in a rolling mill, i*xlMid«’il 
ol pirii**d and drawn inlo pip«‘. oi |orji»’fl lo -hapr 
iind»*r a prr‘*»** or liaiimo'i dlir\ .nr aUo l a-l di 
iiM'lIv into ■‘flap** to In* (ml iiiln -^rtuir ^xillioul lio| 
woi kiiiy,. 

riirir air two Ivpry ot slailllrw -trr| nnr 

i|rp«*ndint.r tin i liroiniurn alotir loi oMilaiion n* 
*^iManfr .ind iuiintoii.il dr'^iVLtoition*' briwt'rn 

VOO itnti "dMl l»\ llir \inrrii an Imn ami ^Irrl liivii 
tiilr I MS| ) ami tiu' otiirr li.nin^ a laij^r .iddition 
of nii'kfd 111 addition to iht' » lirorniuni ami 
nnimoiial t|r''«ii£nalion't hrlvitvoi dIMi ami tiMI Iin 
llir Al,s|, riir I liioiiiniiii I t\pr I", irx'* 

lallov.ratdiii'allv . l»od\ -rrnlrrrd * aim . ih niarznt^tn . 
and tlop'^iuldiu on llir rrlatixt* aimmiitH of larlmn 
and ( lironiiiiin in llu* allo\, ina> l>f* li.'iitlrnrd, ji** 
art* otIuT '^trrU. l»\ i.ipidix rooliti^ it from abovr a 
rntiral trinpr^ratiirr whirli, It^taunr id tht* rhnv 
rninni ronlmi, is hiii^lwT ihan in ordinarv 'itfrU 
Ulini the rhriifntnni toiiUoil i** ipiilr liijah. for »’\- 
arnplr. alM*vr \‘2\ , and tlir rarlHm ronlrnt |if*lnw 
alwMil (I. lO’,, tiu' slt't'l \s itnhaitIrnaMr for prarli- 
rat pintH»M*'' Sm li stool hrr*»mr‘* hardonaldo if tho 
l arlNin is im roiis^Ml. proxided tho oltromiiirn is not 
also inrroasod. Fho onmiinsitionn of t\ptral rhr«^- 
miiim ?»ittmlos.s sirt'N aro nhown in Taldo 1. 

Chroinium stainteti slatlt* Thoso aro rrlaiivolv 
ino^prti'iivo. rosi-Unt to ordinarv oorrosivo altaok, 
and oapaido of Indrift hardrniNcI and trm|>rrrd lo 
priMiiirr iWirablf Mrrngth up lo 250dMMI psi. 

I1ratdr<*afm«!iit mHrvU the t orrosioii rrttistant'f* of 
tlw v'iironutiin U>P«* stainless sirrU. Hratintt 


Tabtai 1. Typical ctiromiufn ttainiaas ataala 
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ihr Iniidrnrd sfrri lo h'lnprralurr- ill v\hi/ }i i arlion 
pm ipiiiiirs to form rlirorniiiin ijflddrv i^. driri- 
rnrntal l*» oxrr all i orrosion irsi*.|an(r bn ifir 
fornoition of sni || larliitb's roll*' tfir sfrri of IIh* 
|irofri-(t\r artioii id iKi' riiroinitiiri chilli llo*\ ion 
f.un 1*01 ihis r«Msort, a j:|n rrasr in ili#* * ar|>on . on 
Irni iriipfiivrs ihr roriosinn rrsisfan, #• of strrb of 
.1 irivrn I liroiniiiiii i oiilrnr ll.irdrn.tld^* iiradi-s inn 
t.iiniii|k! I oiisidi'ialdr i .irliorv ha%»' llu ir lirnf tr-j^f. 
.iin r lo rof ro'>iiiii in tli»- li.iidrni d londition \\ h**ii 

bofli luirdnrss and l orrosiori rrsistain r .nr - njniil 

in lilt* l\fir 'bKI sirrU. if f.. iriiporfaiii to sf-li , i i))i 



chramium. % 


Efieo of chromium contavtf on lovr of weight of low 
carbon steel m 4' j yeofi* exposure to New York City 
otmosphert* •from W O Btntiof imd C M Brown, 
PtO( /kSfM, 46 595 1946 

Hfrrl wlihli •.in Im' lirjrtirraird to pfidm r* llir dr- 
sirrd luiidnr-'S with ilir Irasf ntn *' 'd l oirosjoii 
M-Hisfan* r 

Chromtum-nickal stainless steels. The ihio- 

iniiim nirkri < .kMM fxprs ar** nonniaijnriii 

and are not ratiulde id Umtii: hardened and leni 
fierrd as are the i hroininm * M>l sfrrN Thrx 
hrtxe a prf'dointnantly fare.c eiiteird < tdm irvsfa! 
line stim tuie and are t ninnmnh reietred to as 
diistrnitie or *'IB 8** stainless The rhetnii al rorn- 
poeition of ihe^e steeU determiio^ whether nr not 
small amounls of tnapnetir*, Ikwlv renlerrd < ohir 
ferrite mav l>r prt^rnl. The preseiue rd thr nia^- 
fietir phase rt^sulls from Ittwering the nit kej ron- 
lenl> from inerea^inp ihr ehromiuni conleni with* 
out a t'omnirnsiirafr inerrast* in nirkrl. or from the 
presrner of rffrrtivr frrritr forminK rlrmrni* sm h 
as silU'«>n. tm>l>Menum« titantiim. aluminum, nr 


TaM Typical chromium^iicM tlalnlm ttwrit 
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li «»:;»' '.M'*.. 'I »- Ml .<-M M.-i 

Vhli'fuji'jj 'ifiniii *v kM*” !n yJ;* .<1 ‘.*•11*.^ i.t 

;t »’• .nwi^i '•! jh# • ?i>* k»’l t‘. }'i 

i\ i\ fvj* l<fi , ifj },# • f >!•} y. f.r k>' f'« p.ffwf ,f I- 

?>•' .;ir J. hiv:h '<• -ifKMliH) 5 h Iu;-Il 

Mir.';*' /•s'jf*-. af^‘ . r»JiJ v% ^*r .tf 

/' f Mtjwr »| s.» 

’•V ' .1 /'n» f' f!j<r 4 jf>r<ctr* tfi.l-rj ^ 'kj }i m • jf'riHi;: 

it ir.iDi « ■- 
• ’:»»»' f.» * fi<i 'iv*>rk hjT<1»'nin^ 1^ 

wi th** f* <it i>*r- 

R*»'.tu\ ; ^74 M * « t : 

Stalactites and stalagniHes 

NflU* *l 3 Ucttiulr«. <lri|Htnnr, athI fi<»vs«.tonf 

in liwic^lonr' r ai^rn*^ f/ttmrd 
tht r\a|f«*rati«>n «»f H 4 t**rk li^anni^ tar 

Wna!#'. pr<m ifown fr'Wn ihr riMufk rti 


SHil«Mctll«c •mi ii» i» fw i l t »» 9t 

*'3vn*i anti irmi fo t>r lonp and thin. ^tUi h«!loy^ 
rf*rr'» Jhr ViAtrr i}4iHft thr » ore* ami pres ifd* 

l4itr% at the i^loiAh rxtf'ndtng iW lengih 

\ihk\r' kf*rjijnji! the o*te »»j»rii lor Viatel U» 

inti\r dovijr arr hamied » oix^jntlM'ath 

f** the « < uliM 

N tio»7t thr o}i and are ooriv 

Tn**iiiv J<oind hr-nfath l»!e% , ttir> dte torinnl 

h«»rn thr r% at*iiu)it»tn •*! thf ^;ti:je dtip »‘i Hater 
?h.i» tf.p'i- chr •‘tala* (Jl»' .<»* ttiH kef 

.»?».| ‘.t-.-ntfi that'. ts'.r^ attd have no i rnlUti 

h-l) i»% N,vir f hr hatuito;: ot j^araHrl 

«•' »h* ''^*!a<r .4? \hr toM* k'f ih pifkitiMfi ot no h 

iMlii t 



Sf''»!nt«ie tioio^mitiF det>oitf\ Block niffon citong 
ce«tft»l 'jpeoioy repefrs»rit dnpoot« mod» by woleif (li 
•« dffpf'ied ftorn thfi Cfork Ir. Outiid# toyeri 

depoiftffd by wtiter ftowioQ over vuitoca Dtopi 
of wfiter moy foil to the ftooe tmd <fe<ite o yfalopmita. 
Ah^f f ft Broe-foe. W A 7off. C C Bfooson^ Ond 
W 0 h'lhodocftnt^ fo Geo/ogy, MrGrdwHl//, 

3d ed. I9S2 

l»i.p*-!«*hr afiH fh>Hrfcl«»ne ate Ifavntine aMiiirniia* 
fMo.s i>< non h the ’<i«nte oni/tn •^tatisetiietk and 
'■tala jifoite*. ‘ « V 4p<>nii)on {tunt *'rtvf* natei^f hut arr 
iire|g>]hii. Mo il irref^ulurits tn due («i de|e»v,»iM»it oti 
irirj.ojbf -i*»ping v«dH«i or cuflaien* in the < avf 
ralher than dnp^ fiom the rimf, ,See I'jvir.it*.; 
r^\i : liMisiosr; THitwniiM.. 

: \, Alhkon, ITit: mronrh of 

and '•IrtUfiileK J GfW.. .i1 (2i 
i2r>, 




M ftaH-wamiAf imilMrtor 


Statl-warning indicator 

An ifiHtrunirnl which indicatm thr hiKhent anjfl#* 
of aftack. Of th«* lowf-j^r irKlh ati^d air npuM, Khi< h 
may naf^rly flown. The warninfi; Hinnal. rither 
vii«iial or preferably aii<lil(»rv. niti> Im‘ oblaiiied 
from an ani^livobariark iiidn alor i Y%w im»i 
<A' fo»K Aflerriafiv«dv. riihrr a pre***^iire 
element or n vHtnf in irmtjilled on the leading or 
trailing rdpe of the wina. iVe^nure taps, < ofirircted 
to fhr presMiiie serii-irif^ elrmenlH. ^ive warning vkhen 
pren^ore rhaiij:e«» indh ale the on^el of **11111. 'Hie 
Vfiiien are airunjiied to flip over a** the air <'ir*-ula 
lion over the wirij^ apprfoolo'** siiill ennditioriH, I he 
vane»* make an eleetrir eonfa* I In operate a warti 
iltt( dev iee ■ W o H | 

standard 

An iireepled irderern e *^am|de iiM'd for esiahli^hiri(£ 
a unit for the riinisinetnent of phv**it.il tpiiiritilies 
A phvNteuI (piarililv ih wp«*(^f(ied h> a iiiimerKal 
fai'foi and a unit; for exurn|de, a ma^t* mijiCht be 
expreH*»ed Ms fl a leriij'tli a** ti nil lleie the jtiatn 
!*<< a mass unit defiiierl in ttune^ of (he inter nahonal 
tirololype kilti)fiatn. whi^h nrive** ii** the priinatv 
standaid of iiiasH; *aini(arlv, the <entimeter de 
finerl in leim*. of the iiiternationcil pnaotvpe meter, 
who li iMovides ilte piimaiv staiid.iid of h‘n^th. 

I’lie N'Mlionai Miireau of .standaid- in the I ruled 
Slate^ and rmiiparahle hihoialoties in other eoun 
liiex aie fe>«ponHib(r foi mainlainiiiy aei urate 
seroiidar\ standards lor \anons plnsjral (piaiilitie** 
See Kl n nut M sl.^Nn^MIts; Kll.tu.HAM; M t I !■ K 
ii'Nii I : Piivhh Ai mi- A srtti mi m . 'I’imi . Wwr 
l.l* M.l H SI ANIIMUIS. I l» Wl. 1 

Standing wave 

A wave wliH'h i"* foimi'tl when the bounil.it v mndi 
ijoiiH oil li.ividintt waves are niieh tliai the trans 
iiiilli'd and refleried wave's athi up -^o that the ampti 
tildes are eonstant al a fixed position in spaee but 
vai‘\ fioin point to piMiil. I lie point*' in spai e where 
the amplihide*. .in* /no are i ailed n«Ml« - Xiiliioidf*" 
are points where amplitude is a iiiaximuin. 

f ill ihi' I asr of sinusoidal waves, the ^tandin^ 
waves assiiine a partinilailv simple fonn. ('.onsider 
two waves tfi and //.- of eipial amplitude J 
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when* r is the fie<pienev, t is the time, i is the 
direel ion of propa|£atioii. \ is the w H\eleu|i;th. and 
ij(> is the phase aiiKb*^ The suni of these lw(» wave?* is 





If ihe iMnindarx eomlitions are sueh that 
and if ^ w 0, 


Vi V? ** 2 '( eirs ^ 2 irW — 

> 4 O 

*« 2 . 'I <‘iHi eo^ Zsvt 

A 

rhiis amplitude at any tmsitifin is 2 I eos f 27 r-x At. 
and for positifuiK suih tiuit 2 -rt A *** in *- 
where n is an intej^er. the amplitude is zero; for 
2 rt A s- fi rr the amplitude is a maxiiniim. 

Aiousfie wave*! ran f*»rm standini; wave** in 
I losrd stems with the proper dimensions and 
boundary londititms. The ratio of the maximum 
to the miniinitm effeeiive sound presmire. * alled th#' 
sf.indinn wave ratio. • an be used to measure ibe 
aioiistif irnpedanre of the s\sfeni, Klei irMm,ii:ne|if 
waves I an form starulirlv waves in wave i;ui<|es and 
tr.tn-mi«si.»ri lines, ami the standing wave ratio ♦an 
he iiseil In iletermine the i!iip«'dan«e .»! the wave 
^»unle oi iran'inisvitin Imr 

■^liindin^ waves .ir»‘ a spei ial r a-e nf ^la(*onatv 
waves in wliitli ill hM'‘t one of the em lo'Kur#* lermi 
nalioiis ahsoihs a part of the eneTy.\ of tfie im nfoni 
waves, js Hell A- reflei finj; a pn/llon fe-iiltin;: lit 
.1 nef p*»wr( |i»'s from (he smiri e 
W vs r lit 1 1 I Hill , Nf A non MIS VV \ V t , I i; VNsMJssOin 
I INIs: W’wt tcins[«s>. Wwi m.m vrioN, W'wi 
i.i no . U'avi Mill ion vs .1 ♦. 

standing-wave detector 

\ii elertih imil* atiiH* insfiiiinent u-^r'd for d«'ie» t 
iriK^ ^ritiiiiuii^ wuvfs aioliK a liansmisHi.oi line <u 
in a waveguide ami ineasuiiiiK the resulnm; stand 
inti wave ralio. It ran aUo lie useii t«> measuie the 
wavelength and hetiee the frequem v of an eU i tin 
in.ii:neiii wave m a line, I he dt trflmiL! devn#' iv 
iisuallv a lioiotTieter ilo'i iiioi oiiple ot 4r\«.taL * on 
iiei ted to an imin attn^! meter dti*'( ttv or thton^h 
an amplifier The deie«‘tifir: devne is mf.ved alonji 
(he line while ohservirifi (he meter imlnation. the 
l>osi(iof|s atonu tin* line at whnii riiavirniim .imi 
inmimuin K-aditiics are obtainefi eoriespoiid to the 
nodes and antimules of the standing wave that is 
|>rodmed bv Ininsmitted and irth’tted waves of 
eipial freqnem V imivinj? in opjHisUe ditei tions I'he 
reflerteil wave is ^reneraled at a dis< onlinuitv in 
the tran'iinission line or wave ij^unie. .Se»- AX \vr- 
l.fNtiTH \U\stlU,MIM; WAVtMKftK. il.MM t 

Staphylococcus 

A ftrnus of (hr bacterial familv Mii roroi eaeeae of 
the ottler Faibaeteimles. The stapliyloriM ri are par- 
M^iteH of man* their uMial habitat IndriK the miMv* 
pliarvnx and xkin. Thev nia> eau'te IxiiN. osfe 
•unveliti*i, wound infeeliom^* and **ome ra*ftes rd 
sepliteiiua. pneumonia, and kidney in(iNtion«'. 
Thev are fsinm (M»<itive. s|rherital. pathoicenir bae. 
teria. about 1 micron in dtameter. They tvpicaJIv 
uM i iir in grapelike clu^lw. SljipliylfKtH'ci g:r«>w 
readily on the uxual laUiraforv eulture media; 
meatdnfiiaioti agar^ containing human or animal 
bbM*d, is frequenth rniployetl for their isolation. 
StaphvhxnH^ei are relatively re«ititant to ad«cT*«e 



jind it-urntn. Mla«i- 

ing imr«Hjt)( lion of itncibnitn'<^ in ihr tirat 
n>rffl of inf ml low*' 

xirjin'i **f l i ha%r iMoiotnc* int 

nfsmcrou’*' lnlr'«'Uon> dm* l« ro^t>^t4iit Nirajn^ 

\\A\^ r^i^J '*rrn*u^ pr»d*|rmH id lr«^«tit»rfil and » i>n 

ind 

^laph\l<»< ••< . i i^nidiiu e ps^'finrnt-* %%hnh jan^:^* 
tt**m oratij:** *>r lo jmI*'* i rram 

**^.04’ nw« has srr\rd i»* and » lussdv tfw‘f»i 

Sf^«*rai u*^ Horr l»»n*i t»;iTii/**4| and 

r.jt4-«J 4s "^taphx/itf ot <'U^ nuff^us, > h/^'/m, 

and > iiff»'«jk. irniMf) tif'lwr'fi I'/Wi 

jrid !*>.’'? sfapliv h»t «w I I ^*rr** In fnanv 

}i.it ih** ‘•Ilf’* !*'■• \f it r iM m i ft \ fur, 

4,tU4\ vijth h^ in;: idriifitM'd In liir* j'u 

r'd, as tn thf ita;nr \( ft,- \ \At 

Ifj I*/ j ,' flo* {n N H.t' r« niinidti* rd 

l« llo* ifi* l♦■•l^FI t*»l Up ■»* .tjdj V I.*, *1, . 1, 

«.*h !lu' ■ nd*'! 'tat»4|;t» j: ih.t! »hr d**jL:r*'*- •»! pi*,UM'n 

(t;.!* n*' v .iualdt- l lo* * h.i r .t« ? *-1 u pi^rJurti 

‘ iM'ifi iti 1 d]4* rnu r-ni sij»u .t;<(>rMr.trt« t* id 

’Uf ,.u*», ,iMii fhf 'd » I {jh«if»* !•» * avisr 

.t\ ido.wi jd^-JM I '•‘TM'- :d* fjtlf^ 

. • *. i» ' t .1 J 'fn !*>•<•♦« 4 

Toiins and enzymes. « s. v 

• ' )i •• I .»! » i. tll'Ht)'* (i.\tUs ,ttiti ri\/^!»»»’s 

.l!f .(.•rUM'd to « *4111 I lluilP lo llu S' 4 .Ip.M l!\ 

' 's'iodo f ti*. 4.ir i otitir frt.il I'*f» of ihi' I tr s-# n»ii' 

■• M,» .»' o,j,.{.nu»' its lh»' IS*' n- -'taj»hv 

» • o- t d in ' t s'trs ,4 s St - ’ ;r tlif t ‘.f >,i ti»o. m t( h 

f uMj,p‘4j prrjPiT iStin'i* ih*-*- -'ih 

■ 1 fo« • >. r*^j44»^tT, pr«»d>is ^*s irUt’iisr th'oir tu i)"it of 
‘ f <o. .li *1 ' ' Kk n«-u n- * . tf d *filo iflu 't. Sis o! » \ 

i» .tur tiiU atid I tjodU t.il il ^^lirts m 

' '* d Mot ntilf. d . 

f o‘,f lo'i'ud t -^irs ' vvIju r» *li*****4|vi* r»Ml hh-od ‘*•11'' 

S'»x* S'»i‘iv dr’- Si,»rsat'‘*l a* '» \ .i'hJ hf’ii4*dv 

• ti I * T n r I't f M h .-K ill -ttii^';tiido''d l>v (i 

; p*!\ to fi«''ooi V /r" tin* ml ld»‘"tl -rlls jiM m 
I - . } IP » I - 1 ‘f » n '1 I Is » - 1 - u u .1 i I ^ th’ff > ‘j 4 s! r <f f'd In I |ir 
df^4d**t ff»r-f)i of , |f"i! oirf'OindotiL: » ’d'orn-s .•!> 

t iirir-nt I h»- no’dinm * 'o.i.^uis ihr* id«»*r<f r»f a 

-"i r‘l»t ddr“ * .j*»d *ht'* 4 r»prr-4rifs 

jMitr.d lo •tiiuph’fF ln‘ni*d%-ts f |»f ,* hrFriM|\«Avn is 
|i\ fuam -tiasrss j|»a! ,ji*- f''' 

'* ,>f| . fhr-' d li«‘IUidv slit t*. (.'Kniiiivd 4hMdK 1. »' 

’ff.nivs tforn aiuinal n^mr. #** and onh r»« < ash»n»llv 

in sii,|iri,i hsimari f |ir p h«^M)<d^s|tt ts 

toffUf’d |>* -tiains that <* r*i(h*'i •'» .'Mir- 

•O'd^stii Do* ffdiilHoi id • h4"m<d*sti’ («i th#* olh«‘rs 

r'»‘»r^ains !<* I**- d^’lr'nntnod I h#* am <* *d hr- 

.’tu4j> Inifh as a *ritrfn>n ol |kas!«<«K4*fii4r tiv and 
as a tai l««r in f»r<*4hn t»on Ftf is tri dit^- 

{'*I4|4* 

1 Till* I* disniw t (fftw and 

'ihrr I'M ral and ff^st'^trisiblr 

ihr dw iea^rrdnlr«(inal (tywpiomH of alaphy* 
fiMid }^»isonifi^. Not all pathott^i^nh sfapliv- 
h<^Kr'i pr*»ritx«cr fhi'^ U^tin, rntrrofiFiP 

«mh.* MafdtuhMvjir’f'i *r^ widf-ly di^trdfHtf'd. aiifj 
«l%phyl4#'<rM-4raJ hxidl |w»i^«ntnfc h pr<d»ahK the 

ol alt of hatiertal fw*d iwni^onmi;. 

Thr loaif) if, pfoditred in the <.^iiuminated IockI 


Hwi rf tyl e e ee wia 9^ 



Mtifpnoioqy s'lrul of niopHyloi'oc <i Ifom on 

18 Itouf n/iHtfo yrnw nicnnatf ptfrpcifonon 'Ut*tV9'*vfy 

ivf Vt(^»nn-f 

dmioi," t,ft‘'d |^»•M-llh *d s|fi|ihk |m« <M I I (itid is III' 

s««idv iiir*<i nlirn thr hM»4| I he to 

poM-^thh- ^Itiplr. J"' "* * 1 Ul»* olleii drllvrtl (fom the 
ipor of skin, of (i.'fn an iiilfuUon nti the «kiii, (d a 

foi.ll handler In soine i asri- id (mih) |M*irMnMnK due 

to susit of Si.dk ^iodipt^ ihf off.’lulllt^ 1 fftt r t llfr 

df^ri^fd fiofii htaidn im 04 I nl mashtiv in ti i ow of 
* iftpl's int; thr nnlk 

I triifi I ho- I* t toHtn nhi. h des(fii\»- fhr> 

vii)«i4 id’ord < r)iv or irtikoivirs ih«irh\ aidtritt ihe 

si,i|d{v |oi 04 1 f iri thf ir attnntti fo loiitiirraii an »ni* 

pitrt’Oii d* ‘ftr'i hiiiiisrn «<! the ho^'f 

1 Ihe prfkdM. tnni of ihi* ei»/vihe im rott 

l,h'd to patho^'enM »la|div !<»« m i i ; it if« 

not toiriK'fl h\ noii|t<illM'|i'rnf« MfiiiiKK fn the te*M| 
isIm •oav.nia'^e tsr<xhn e^ a eiof in (he hlond |>ltt44.fna 
of s frt(«' .uMriiitl sp«-r iru. a'lifiic in t'Aiifilnitatioii i*i(h 
.1 ’ 4».ii;uh*s#’ real ttnif, fa* lor in the iiherfi. A »*inif»le 
• o.4(Folas#' trs>r usffiK hriitian of fnhhil fda«»ma. i«i 
at l»ir«rnf fhr iijosi trhahle in ^itfo le»it for deier- 
tionation of the polonlial {lathnit^nif it v <d ^lAphv* 
loi iH f I It Is ^t'lier.tlK held that « oaf2,ulM*4'^ ai iti 

sotfir to enahje the » rn * t In he< •»irte estniilifthirNri 

in the IhhIv > issues, fi>dh»Miri|^ itlin h other 
rn/ynm fat tr.Ts < orne irit4» jdav The ruAr f tnnrtnet 
irt %ihifh It ’A*U rernainH to Iw deiniinnlrttlr^T Si|t’ 
niheantlv. onlv tlu'i^e animal afireieifc t ineiuding 
man • Mhonr IiI'mkI «ont«in« the < 4»aKulaMMeaetiintt 
fdutoi are sfiMepiilde t** siaph> ht<'«M eal inleethm, 
//>i//i#ron/€/«/.e dljii en/>iiie U imnlut ed hy mmi 

l»a(f}o|renh '(•taphvhK'oi'ei. It htrak« dof^n erriein 
I onKtiltirnl^ of the iiilrai rllrder ground atib«lu<ee 
of many faNj^ fmur^. ll>|N*lhehea e^^ftieemiiiK llie 
role III the enxvme inehide nenirali/aittofi of atift* 
f byalurumii: arid) in the titMHiea which 
wotiM nottiially reAtrtci ihe art km of «Ui|feby* 




CotoniOA of »fapKylococci growing on nutrient ogar. 


JiH'tx i al jirni lli»‘ «'iiliain ••rnriil »if rnixrcl in- 

hv Imi •>« ( i tifid vim**#*-. 

Staphylococcal intoctioni. Siapiivlii. <»< < i ur*.* 

fir [Ml** foriiiiii^. Iia<t<*ria Ivpiialh thr\ 
Iriul to ftrtHidi r riK iniiH( I iliptl lr«i<»iio in tlir (ortn 
of wliu li olli'ii oi < uf in (fu* '^kin anti irn 

iiiuIpi l\ itifc Init v^linh non hr* 

in rinarU an% or oi^an ol fho 

Slaphv lofiM'ri arr* ihn « auir* of itiniin h'**. oi hoiU. 
iind of rnrhiiiii h'H, ami an* i r**(»otiHihif' for ahont 
ol all « ii*^»'** of lln' horn* iiiff'< (ion. «*sl«'oinM* 
liti*'.. VIosI of tin* roiiiinoii infrv tton'<i of v%onnr|M. 
( Ill**, or hiirn** arf ilin* to *.ia|»li\ lo« oi • i riM*\ niav 
iiImi tnorlina* muii#* ranr-^ of finta, inrninjiilis. 

t»nriinionia. knlnrv infr'i'tion ami an inN-^ortnn'nt of 
«>tln*r roinlifion-* Siiirr* alNiot oiithrr‘ak*4 of 

ininih'iil '^kin infr* lion*. |{irik*nlv ihn* to iintihii»li<'* 
ir***i*<(an( Htaplu l(M ot ri. havr o«-ttiin*(l in iirwhorn 
hahii*^. ami liav' piot|iir(‘<l hrra^t ahHt«^<.rv. n; ihii>h 
in^ tnotin'r**. I outhmak** liavr oi < ui n'«l in vari- 
ous pait** of (In* vvorhl, >ta|>livloi o< < al p(n*umonia 
is a in*(pn‘iil rotnpln alion of cpiilriiiir inHuf*n/a. 
'I'hr n*sponsihilit\ of Mtaph> loro« i i fi>r nian\ cnit* 
hrnaks of too<l (roiMinin^ ua** nn*ntionf*<l .iho\f*. Kn- 
Irrotoxijurnn' •»t*tphv|ni oia i havr hrrn itn*riini* 
iitttiMl ill sonn* <*asfs i»f rntrrilis hiiloMiii^ tlirra* 
prnlir iisr of aiitihiotirs. Staplivim o« « i aUo nuiv 
prodtirr inff*<'tions of soinr doinrstir animaU and 
hiids. 

liivr^ti^iiiionH of *>iaph\ lot oM'al infi'itionH arr 
aidrd h\ a nirthml of idrntifu ation ami dilTrirntia' 
tion of ntlliirr** known hartrriophagr tvping. 
Slaph\ l<K*oM i. likr othri hartriia. •.urh Fsrhrr^ 
irAni volt, arr siisrrptihlr^ to infrHiomln a virus, or 
hiwlrriophagr. I’hr hartri lophagr-^ an* spr* ifu*. 
not onlv for thr organisnu hut aUo fi»r strains of 
thr organisni. A drtrrnunation i** rnadr of thr sue- 
crptiiiilit> of <*ulhirrs to a srrirs of stuphvlmwral 
bartrrioplutgrs. Idrntiral or rlonrlv similar nil* 
lures exhibit identical or closriv simiUr siiMepti* 
bility tiv the bacteriophage^, rnrelatnl riihurf* 


show distinr t differenres in their fiatterns of sus- 
reptibility. Hai teriophage typing is especially uii>4*- 
fill as a tmd in the rpidemiologh al study of staphv* 
huiH i al inff*« lions. It frermit** tdrtittfu ation of an 
rfridemi#' •strain, the drmom*lrafion of its pre^^em e 
in rarrirrs. and (hr drlrrmiiiation of its siiurre and 
foiitr- of di***>«*riiina(i««n. St't' Itvi i kkioi 4h^> , xiinr 
c At : iixf rKiitopfi A4.r: ; Hicion eiAU. iikmolysis; 
KsMfttOHIM; Fonlr roi**nN(N(. ItAirtKIAl; Hya 
i.t woMnA**! ; l.ftKoiiniN ii.t.u,; 

fiihltif/iirafth\ : K I. ftuhov *»•<!.». Htit trnal uti*i 
Mwottr InfvrtofHs nf Man, "id rd.. l*>rjiH: t. S. Wi! 
son and A. \. »rds. >. Tnplr^ ami If tison's 

l^nnviftlt'x ul Ita* ff'nolog\ arol lmmufn/\. v<d. I. 
4th rd., pr^r*. 

star 

A i flo-ti.il hodv. 4 ori'<i'^(ing <»{ a Lirgr. H«*|f-)utMinoii** 
rna-^*- of hot ga" hi’ld fi4j,n‘tln*r hv its (»wn gravitv. 
I hr Sun Is :i (\t«n;il stilt; Its phvvnal paranirt#! 
air 

Kadi(i*v II h.*i lO' ' I in 

Mciss U 2 ' ID ii 

iiml I uininosiiv /, J «• 10 rig* 

It'- nnan l|♦•tls^^^ i*, I J.') g «fn . ami if, <rntr.il 
di-Tisitv is alx'Ui |V| g (III Thr surf, nr t4*inpri>i 
ttirr "•T’vO K. thr furan trmtn‘r.it»iT t .lioisu "• * 
10' K .imi tln*<rfittal lr*niperattjre 1 '* ' U*' K In 
-pit4* of (In- high d^'fiMiv, the gai* in tin- s.ji, .,| 
im»u I oicifilrir 1\ loni/ed from surfa<r t** •mi!'! 

Composition and dtitribution. I hr ' • ItU) 
h\ Wf'ighlyrfif fin- average %lur is ahmM To ludni 
gMi. he iiiun. I rjirhon riiltngrii owgi-n 

and nr'Ui .ind ' unn gtoup and rlr 

inrnis 

I hr st.rf« I iintain h\ f.ii (hr l.uj/r^t fr 4( (ten »*! 

ihr finiss of ih»' untvr*fsr'; (hr ('.if.irnrirr s gi\rn 
.ilmvr dt'siiihr thru .ivrr.ig*- • ondOitift Sf.ir^ .m 
ln»in. pTiMhn r tnn lrar rurrgv, rvfdvr .iml r\»'ritu 
all\ dir Thru life ^p.in- tantr from 0^ vtar^ f4»r 
a sfiif i*f high luinim^sit V . t»» |o !*»r (In* '^lui. <ind 

4i|> to 10' fi»i thr fainlr<i| nniin sf itMrr»« r •^t.'ir* 
d hr id4|r*-.t known star* in mu galaw air nrarlv 
|0 ■ \ »*iirs tdd 

riir nomern hitnrr ffu thr iilrntifn alnui 'd 
givi's thru grnrral hu alinn and hi ightrir**. Thr 
hrighm sf.irs wrrr namni and thr vkv siihdivnird 
inli» i onstrllatiMfis : f.rrrk «iiplial*r*t Irtlf-is gt^irr 
allv drs<'fihr them, with ft rrprr*riuing thr hright 
»‘s| viar. visiiallv. in a givrn Mtnstrllation riius 
Hrlrlgtamr. ur o Ortonis. i** llo’ hrightr*! star in 
f)rion Fundiunrniiillv a Mai drfinrd hv its (o 
4»rdinatr** <»n th** irlrstial sphrrr. right »!*-• rnsi<»n 
and det']inati4»n. and its hrighlne**. or apt»arefit 
magnitude t.vrr tln.tHTiw spufR}.: M%cMftoi. 
^tKi.tMil. Brrau**r »»f the preirs^ion of the rnui- 
noves, f elr'ititil roiudinales Tn»«if f»e specified hu a 
Eiven epcH'h. AIwmiI MKKt star* are visible to the 
naked eye. hut over 10*’ exiM in our <kwn galaxy. 
iVeftd ratalogs give |w»Mtums, brightnesso, mo- 
tions. pdraUaxes. s|WHiral tvj>e^, veirndties, and 
other pro|H'rlies of the stars. 
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J ii* tfl*'* ^^51?) '^{Jf 't ' iir < 

X rtfM .it » 

'• ??«♦*«» I.itlljr** nf Waifi'f *wip*llKtt JrtH il 

fh.if j-. H sn lli?* • •'! a s.'-iliix'* 

I hr- n)*<xiri|£ tl.if* af»' frii’it h** 

j'W'iiWu'M <►! pt^ip’.jhitkofi I lik^' ih*' >inn, h 

.Iff fi»?irui in ihr o^ilrr *jMfa) t>f a 

\isUiY| n>a<Eni!*jdr'«^ ^hov( that Mt ni th»i I*.* 
iflit -^lar»» af#' ntinn^h alK Uintrr than th'* ^tin, 
In aiiiiiUott. aUhi! half ar«* in 
iht’ihjri or Th»* -U?** ha\<?* iral 

'*h»th j»ij| \hrm on thf' main t-- or ^Inatf 

hirttHi h \o ri!Hl jtiani or •tui'Mffrgunt »* trnf*hnlf’il al- 
iiKHinh thnr af«? fhriN? nhii#" dl%fr«r^ in ^Hir imnt#*- 
rfiale nr^iithlHvrbmHl Ftjturr K a Hrrt/^^pruii* Rn*- 
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I 

fig, 1. HaitiHirtffig'PiifMili dkigrom for ftoorby «iof» 
whcMurf moin Mquvnco ond whit# dworfft. 


40 Sf#f 



(biMt) obi«rvi»d photo«»l«(tric color (rad^ 
^bty* minui viiucil color ind»Mj H ^ i 


Fig. 7 Main %eqMonc« sfar%, lubgionts, and yionf^ 

or ft K diu^rHin. is a rri«*nn^ fni tlw* 

iriution l»rlHt*i*n ihc liirriinosit\ aiol smlior ifn\ 
pf*riiliirt* III slurs Moup ih** iiwiin »• ilir«iU|^li 

%vhi(‘li tli<* tine in ifir ihr* stiits 

uin (listiniruiHhc*(l i liirfU )i\ mass, luiniiiosiix jw a 
H|f»rp ftim lion of ifm iiuihs Nrarhv sfais, fi»r whi* li 
data arc* most ai i ur:itr\ iIm ro»t im Iiiil«* all 
I'o irif Imlr a varir*l\ nf siars. tli** Irss ui 

t'uratf* data li»i stars out to 2il paisiM'- air plotird 
(.%#*»• I. riu' rrdatinii lirluiTii alisoluir visual 

ma|i;nitiidt’' und ol)srrv«*d idintiMdriti jr mlor Im 
ihr stai’H rlfiHiT than 2il |iHis#*rs, that is, within ap- 
t»roKimalrlv 60 li^ht Nrarn. sliiiw<* ih** riutiii sr 
ifimnrt* in morr drtail for thr somrwhat hri^htrr 
stars and tht» irnl giants and sidi^ianfs < Fij;. 

I'hr usr Ilf tihiilorlrrtrir I’nlof. likr that of spectral 
l>|ir\ IS rHsrntialU an arianfj;rtnrnl h> suifair li*m 
priahirr. 

Bright start* Thr apparmliv hiifshtrr ^itarn arr* 
lislod in Tahir* 2. Brrau*i*‘ Mars of high intriiiHti* 
hirninoMitv run he «iern al treat diManies, Taldc* 2 
inrlndrs mariv surh Mars, iiu liidint giants and sii- 
perginrit^. For inanv of these the parallax is tmi 
small to Ire inea«ur<H| direetlv and tiu! luminosities 
are onlv approxiinatr. SimilArl\. rhme visual doii- 
hlesi would Iw* mi!«(«ed. Tlie H'R diagram for the 
brighter Mtara illu^tratea the existence of the other 
branehe$i in addition to the main **equenre and red- 
giant branch; white dwarfs are niia.-Hing (Fig. ;U. 

Stellar ipidra* The aperinim of a atar in a large 
tnajoritY of raaea ^howa ahaorption linea Mti|ier^ 


poaed on a enntinuou*^ bairkgruund. The interior 
of the Mar in at high teni|j«ratiire and prewf^ure; itii 
s-peelnim reinernhle^ that of a hlai k fM>dy. The Mar 
nhadei^ off into npace through a reversing layer or 
Mellar atrnoMfjhrTe in which the eontinuoUH 
tnirii and af»^or|)tion linei* are formed. In the Sun 
this reversing layer is about 44)0 km thirk; iin Imimt 
in at about 57r>0'’K, and its outer layer is near 
4200 K. The roiitinuum is formed at a de|iih equal 
to the mean free palh fnr an average rpiuntiim. The 
emergent irntfintiiim resemhies. hut not identi* al 
with, a Ida* k hodv. The atorni*J in the revering 
laver prmiio e ahsurfittiin lines due to the exiMemr 
Ilf this ternpf'rattire gradient. Oiit-ide the normal 
level sing there iiiav he a fi'inperalure irurr 

Sion in the lov% ilensitv i hroniosphere and i orona 
( %rr S| N I 'I’he temtieiatlirf* of the i ofona evenlil 
alK feaihes K. I'he emission lines of 

these outer l.ivers affe# t onlv s|ig|itlv the spectrum 
of the intf^gratf'd light of a star, 

Sli'llui spr* tru .lie rioiniiillv olitairied witli ,i sht 
•*pei trogr^iph liv hhu k anri white plioiographv 
\s|ronorMfi al spr*« tJogr.i|»hs Lirge)\ emp)o\ pl.in# 
gialings. otienite in the regeoi A 
.ind provnle disper -.jiuis r.inging tidin 1 to .iImoiI 
Hi 6 \ mill \\ .ivejengtli Mamlards .ne pf*oided hv 
,1 loiniuiiison spei irum nnjiresKeil during the e\ 

po*.iiie ttf a jd/tte usimllv hv <i Liltot itorv smoIi f 
imaged .it lioth • nds of the ^pei trirgr||(di s)it 
'^l.ind. lids foi phdtMijiel r \ of the lim - are priotdid 
h\ idilfe ( aliltriltion dmiie* hee.tUse a piiint 
sioiiie, like a star. give« onlv a naiiow -lieak o! 
Hpei Iruni ^ith the stigmalii sjie* Irograph- Used, 
file Hpettra are -uitahlv wideneil h\ .illnwmg the 
star image to tiail ii|i and down the dit I ow-fes.i 
liition vpe( ira and siime high re^4ihition ^peiira ol 
htight shits and oi ifte >hn ran he obtained h\ (doe 
toelrc Ifir si aniiing al the telesrofie 

Spectral classification. The spe«iial lifi-srhea 

tion of a star gives in a simtde s\riih<i(ir toim the 
#''‘seniial fe.iiiire-. rd it*. « umplex speitruio- Hv in 
tion. at dispro si«ins ranging from llX) to 
HM) \ inin. iminv features xarv m a sumoih wav 
from one stai to another. This vaiiation is <oire 
laled witli the eolors of the stars, \s a r#*sult '»pr» 



ipactfol typ* 

Fi 9. 3. Dioerom of briehfott ilorx tKowt moin loquofuro 
Ol in Fig. 1 plu» branches of other type Horiu 
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4. $pit€9rol efoMif)cotiOD from Monry Drcipof 
I^CPolOf. 


%Mf*i I* r, K f'r'iiaii aikii ikltti r • ollubot ;ft«fl *. 
If* lIuH -^v^lrTn f*fn|*|i.^ »f)|r •lirtlirt tit II?n A H>t« A 

two par ol < r tin in l»\ iiiMpn Ipm 

Ikofli »p«v(f<|{ |\jH' !ttMiino«»il \ riif* 

i<tfi(t;}4k^ii « »*• iroiti .t|fr'<| h\ ft •iifTtit ftiriKifiK from 

lit, rtitrnp'U •itpf'r^oifil. io III. nitfitin) 

to \ . miitn Hripiffii •• or rlvtnrl ^hir rifn»k ih^ 

V a «taf liKf thf* Sun. 

Ilf a UKinf •kirti »if ni'ftiK lh^ ti'^m j*r‘f ritHr#*, 
ii%Uli »<^rirtin Inmm»fHi!v ’ fratiiu*** rn- 

hrttP r#|. 

|*rf uliar »fM’<lra mk'Ii »•« tbr r-^tlMm Mhim 

iotfl narti^ K ariff r»#'H Ivpr (It atid S Maf* whif'h 
h«\f^ alMiUf iIk* alfirr K ftr M •»lar«‘. 

vrr> im|>orlartl of p#*< iiliarilv Iium lirm 
o^^fn tatf’d yrith ^laf► with ma^nrllf firfiltt 
( jii^r SiM.i AH nr unitt 

Thf* p^rrrnlaKi* t»( Mai** fd iliflrr<r*nl 'Hjirftral 
(\pf*« m thf^ H«^nr\ I)riif>^*v t ufaloii i** lourrhlv 

WKh.: B. V . : A. 27' : ; F. 10^; ; : K, 

.,^7'# , M. 7 /' : oth#-r an* ranr. Thii*. ia a hrir^ 
firm of l#\ apparrnt hrifjthtnf^n Mfid dittn not 
th^-ir trim rii«*lri|fiifioii in •urafT; which 
from fhr* data in Tahlc 1 hrafily favors the Imf 
tvf>r M <fwarf*k. 

Ttmp9r«tUft ifid kimiiiMKr. The maior port of 
thr* diffr^reofe* m apimaram^ of MHUr «k|mrtr4 !•< 
canaod by the r hange in the anriAryr temimrittire 
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Fig. 5 Fff«ct of tomporatvro on tpi^cfral linot of 
silicon in variout stati»$ of ionization. 

I'hr f|ritr**r i»f inrii/ution and f^Xf iiatinn of th»* 
atniii** ill a Ki\nn |nrii|uTaltir<‘ di< an 

<'|nni(fMit wilt havf an apfiriM iahh' < ont rntf atiMti <»f 
alofii^ in ihn lowci aloiriii lr\rl ilia! piiuiitir'* thf 
ali'iMi ption linn. Km n\.tnipl<‘. at >nr> hijidi trm 

prralnn*. hriiiiin I Hr I i^ all llr ' iiinl ttni** ha** 

no linrH; at alaMtl .i.'V.iMM) K. Hr iiotninat«‘s. and 

l»r|iiw K. Hr rxr^ts Hrinw .iImhiI K 

in«4ntlit'jrril atom** of Hr iirr rxritnl to tlir •^tatr^ at 
19 rlrrlrnn \m|k whii-h ptodm r linr-- in llir normal 
spr*rtral rr^inn : no Indium linrv. will hr «rrn 'rx 
rrpi in llir linn rr«^wi|i)«> ii|| i av inlri i in « oi>lrr '*tai*' 

''tai*« with Hr' linr»» rxi^l and arr «*( fv|*r O, Hr 
linr^ orrnr in tviir If '•tai'*. ^trllar l«•mpr^alll»f'•« 
ran hr arriiratfd\ drtrrminrd h\ ipianlitalivr ap 
tdiraliori of ihrsr mrthod«. invtihio}: tin’ '''alia iom 
/tilion and tlir liidt/mann rxtitalion rtpnitiotix 
» Kij^ ^ 1 . 

\hHoliitr riKI)£nilmlr rflrrts 4 m i in hri aii'*r thr 
ioni/ation npiation ilrprmU on prr*<><^u?r thr fdr<' 
iron rom rntration sritinji thr rri omhination fair 
('4inHr<|nrntl V. •ilar*' of hiw ^miarr (•rav|i\. whnh 
hii\r lowrf prr'i'iiirr^. will show a ^i\rn jirri rnta;'r ^ 

of (oni/ation at a Irrnprratiirr ahont .’"»00K ’ h»wrr | 

than ihosn thr main sripirtnr \ rrd tfiant of J 

thr sjimr Irinprralurr as thr 'nuh, HM) tinirs • 

hri^htrr. han Ut liinrs thr rHdiii*^ and ahmit O.IU o 

limrs thr sntfarr |£ravii\ (alloHiiii: for thr lar^rr 
mass t»| thr li'iant ». I'hr lowrr (:Lia\it^ and j»rrs*iurr 
iTJ^ult in an inrrrast‘d lr\rl of ioiii/ation of sriisj. 
fivr rlrmrriis, rinis thr liiminosit\ rhis^ith aliofi of 

a star, a sm-und |»aramrfrr, is pussjldr aftrr a 
trniprialiiir < l.issjfn ation ha*i lin'n rmidr Thr^r 
rflfrris arr ralihiatrd h\ star*' of othrrwjsr known 
himiintsitv 

Thr hiininosiU of a star in its rnrrisv output, ri- 
ihrr in rrgH prr «rrond or in iinil'^ t>f «ioUr limiinos. 
itv, or in ahsolutr nuittnitudr. But apparrnt magnt 
tudr and distnnrr in parser'*! nr parallax must l>r 
known. I,cr 4 star have liiminosjiv /.. radius H. and 
rfffN’tive |eni|jioralufr J\ Thru from Stefan’?* Jaw 
and the arcs^a of (he atar 


/ ^Uf\* / 7 *Uf 

l: \ro) \t^) 

If thr 1rm|>rr*Hurr ror TrstK>ndintt to a gi\rn 'S|>rr‘ 
fral tvpr ijt 4*di#r is known, one of a variety of 
type** of llrrt/.v|irun|{'Ktisse)| diagrams ran hr 
plotted, ronnrrtina hitninostly. or ahsohitr magni 
tudr (nr apparrnl rnaijinttnlrs jf all star*^ id a j^ronp 
nrr loratrd at llir sarnr di*''tati«r) ordinalrs 

and trrn|»rraliirr. or sprrtral fvpr i^r r<diir a* ah- 
is.4as. In a tlia^riim in whi‘‘h h*p / and lo^ T arr 
iisi'd, lo*’i of 4 onstani radius arr straijiiht linr*>> 
iFl^ fH. Sii* li a diagram, with mum sripirm r and 
Kiant hramh srrvrs hu thr ha ation «d tnanv id thr 

Miriiois -I'lpifuii i*s of 't.ir- 

Age. evolution, and mass. V »£roup <d (tdor 

rnai^'nitiidr i urvrs for a Inv-trrs. ^ui)a< ti<' ) popiila* 
lion If «ind ^hdiiflar (vrr\ oh! popnl.iti<in II i. as 
j;i\f’n h\ \. If. >.-infla^o* and H (. \fp. -hows ih.*!. 

allhioj^rh thr f.iiiili'r f*nd of llo* main *rip.ii'in r js 
i's..rnl i.illv thr -.ino* in .ill j:Ti»up- of *.1,11.. tJj,. 
hri^ditrr rriiU uirv fioin onr ^rout* t** armlln’r in 
at « ordain i‘ with ildf^orin m a^o- and t **mp*oj 
lion 1 7 i. Strlhir rvtthitnui r.m^r* -nth van 

alion-. 

Ihi r H H til .uriam-- iir most sji.»nitn in! t'O llo 
-ludv ♦d fin a^'i'*, nin l<'ai riirriiN stnjrti*-* aiul t’\o- 
lution i»l iht' stats I'hr hxatinn of .1 viai it: ui H K 
flia^'iain is 1 timfdi'tf'K i|rTi*r rniin 'l lo > 1 - in.i'- tin! 
I Inunn al < f»mttt»sitiiin. if th*’ l.itliT -p' 
drtail throu^hoiif tlir star 
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iftilh-jili* fliHrofil.Mit ilt'lri iMlIMht in'- 


fh»‘if rfirif^v .iH linf 

ifi*' '•iimr Mm'* tnlt/i. Ittu rfinr I'lifrjiN frhiviftt.i 

;ifr in thr \:n iinni iiltnisinlrt In :nhlithni. hnt 
iUr nf Ills'll iiirnini>««if \ thiif itifr'i 

:ifiil r^'flilruin*: if»i|»rii« s fhf* 

><*1^ of tlirii 1 o|<ir« «irHi luiiiino-^itir- 

^Irruj^th** of <<l»'»ot |i|u«n lines m( t|ifTrf#'nt 
of i<int/ahoii and r\ritatif*n lu.n l»r to de’teT' 

minr the trmprraUire in Uot Cert.iin cd the 

hottest O stills, the Wolt Ka\el sLiis, am! the nn 
elei of )»lanetar\ nrhniae ^h*»H efiiissnin line-. e\ 
i ited li\ ii lliioresrent eon\rr«*ion of their far idlia 
violet int4i visible radiation^. The jnoeess i^. one «»t 
|diolo«-|eeti ie ioiii/atii»ti followed \\\ i et oiiihiioit ioti 
and einiss»i»»ii of suhoniinate lines. I »'iii|>eraltires 
lor •iiieh objec t* ean be determined bv the /.an^tra 
meiloMl. Tlie tani^e of stidiar lrmt**‘taliiies js laijtr 
The hoife«k| •itar<* have eile**ti\e temperatures near 
rdUMH) MHMHK) K: the roo|er slat'* ate near l.5tM> 
Mfhotigh these extremes are somet^htJl 
unreliable, the teinpei.ituies niveii in I'able 3 serve 
a* a guide to the physical conditions in averaae 
star^. 

Stellar rotation* Another important prn|>erl\ of 
stars t% their ndaticvn on their axes. The prevalem e 
of %vide double stars and cd rh^se st>ertrosropie hi 
itarieM indientes that a large arnv^unl of angular 
momentum often ttmiained in the material that 


» Mirid#'r»s»'<l fo foim the '-I.ir*- Ifi » l»»-e dtodd* 
fe/ii-*. rt*\i»lntir»n .ind fiU.itioo .<re often ^vrohiM 
In '-mg/e -^tats, r^ftn I.iiu *»t e,ifb ^t»e. 

tf .il tvpe rotathMi !<* r jpid 

The 'sdii luis .in ei|tMtoiiul ve!,M i!\ i o! on|\ 
■J krti ''04 Ml M-Ulemeiits n| tlw l•Uatlotl.|) bt«»adrii 
irj;*, ol '•piM’tiiil lin»*^ giv*' re'‘idl'. « ont^ciiied in I'a- 
Ide I. hjsfi) hirgidv on the M««ik of \ sb.ftfdMk. 

Table 4. Mean rotational surface velocities. >n am sec 
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rhe large rotation of the early tvpeB stars often 
results in instability, in the form cd the eie^'fion of 
matter from the rapidlv rotating e<piaiorial re 
gfon>. As a result. sii* h stars are idtrti surrounded 
bv di^kfike rings id loH-deiisity rnatefial ap|»roxi‘ 
malelv lO times the radiii<» of the star. These are 
deteeted by the presem e of emi>>sion linec* live ro- 
tation drops rapidly doyvn the main seipiener and 
Usually eannot Ive dHei ted in single Mari^ <d tyj^es 
later thaw iM 




GompositMHi. Th<‘ c'h<rini('3ii 4«imp4y<^ition <»t‘ ^ 

•Uf tna^ !>*• drduvrid |n*m ihr «>fvs'truR) ui if* aX 
;si*»*pb^rr *'*t !r*mi ih«* thisir> oj >1-. mt<*ru4l 
\\itr> Th<*r< >* r'ndmrr thal ^tars fte***! ii<*t W * h»‘fn- 
i# »iih h«*in^ig«^nr»>u*, pF**<lurt* mI niit irar i r^vi 
nta> MUirrntFiilr in ihr rrnl*'f rhaf ihr .*f 

hrtMiifi ?"» h>drtir^«‘n inrrrdAr" in^ar^l \r*v *i\iu 
r'i\fn|4 htmrvrr, Mfnnfrra<l* tbr* ^ lov^ard 

. 1»\ ftraxil^ <»< hr^vy 

U»»m hRhl 

Taliki 5- AbundancM of • k monU tn normal tUni 
and Sun comfMrod to motoontM and Caith* 
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Adi<|4r«t fodif fit«' «1i<K4«r«t»nt I bf* f»irr 

^rt ha hi•«r^ |«it'v>fi ilv^V afwMil I 'm Unf \ 

ftM* vrr> dttM«ir«ittf»t. aUnfl \ ft fir 2 0 in l»*a V 1 

cw»rtn4>t fn* Mirftti <4r'mrintM iiimIi 

h> ^ uf %ii»l4tilTfy «r f tnrfiikai<liflnrf'iiMMfmn 

X II tiu» b<*^i lidiiutktnrl Xt> 12 0 Unt IrmiNlriJwl vnlttr. 


DetoiM of llir 4roiti|Ht«itN*l» of atoi-n Ado 

it«|\ Iw* maiir tit thrir atino'^ixfirn^. Tbt* ralm «f hyt- 

!•» hraxx i* oKoui I2,()ll0 t«x 

t h\ iHimlw'i of atom*. (f*r thi* Nun ainl ^vMiitg |n»|v 
tiUtion 1 fcfatr?*. Toi hi|th xt'Uw ilx vtarA. uM 

iibws fij l»«y|«t>iafh*n II, flo‘ iilMintiant r thr* inrH* 

nib max Im* If) htf) fimr* bmrr. f'ritain •:lotnrnf^ 
iir*- un»»li*-*“rx ii* ilu* *|»n<»tii 4 ni Miii* ami ihr 
.Al»ii!)flatu r* lO hmw ami ^rnnallx r«f«* r-IrmonU. 
a* H#'I| ii* ihr i**itopii ah!*niiaiu r*. aH’ Inr-wi ah- 

fi*»m (hr of bafth •»! mnlrfiiriln^ To* 
h}< ^ »* .) * fr*t!?ur »»i «i)ri«’'nt thtA'imiiia 
iuii»% :!>•• ,th>.nf .l.>ui r* t* .tpiinvun nitlt Kiifth. 
<'*r fhr n3»*fvft*. WUruf III ihl' JtlfM 

I f <o i«»n *♦) b.ailJi rnimt •») tl* H. f - N, 

f) x«- .iJtti Mlh<r*f tu»ifiiatN htr.hf rlf'iurnt* 

uiMf Im'.J, Im'i ,im-#' mI h»vy nri^hl, llt<‘ iMtU 

rrf lti«i-‘.r »<» i vtl » t»ful>inH' 

t» »n ti^-f i-^ nuMit « itithMf rv 

j. It'll Ilf fhr U'lrfvuial fthnn 

t\Mu I'liiyf o.il.jhK ih*' ahttotiju* r i^^hoitf •cilii on 
»•' M t\ .vir .1' <!*h iihtl itn f'^hniatAni 

^^•rr; rr,r»»t'tiT Jlr-* lli.if *»jrir»* ^<1 ) u*! mrnt * 

' ' - V Jill f(i n* I «|i ♦! . r I I * M » N I M fM IH MM Ai 

:if ’ ♦.Mi« • M »'* ( 

'• i.M ah jfjfiiini r- arr «ft ti-r fuitiril li\ ti 

♦ 1 »i! rnr ;- !|» rnif'Mf '1 .hmI inlripirifNl In llif’orx, 
W 1 . * ff *•! ’. M‘1'1 hlmUtt ali*in «rf thr r|*‘ 

if3t| fi;jf mjM II III** I .HI hr* ilitri I'tfrUsi in 
•'M'j* »*f llir M'.fiilM r* III .rMiim tn fh* lr\rU. 

M w*f M . 11 ^ !)!i I'hf - tlny^rw i tr« rfo Uii* ihr fraimi 
j^rnli.ihilMx If} thf line inn*! hr krttinh. ritln-r 

'{iiHii'iiii If;, hanii nr t.ih(Mrfli»rx tn*'ii*nir- 

In tihhiiiift I in t r« I itiri» hif lltr ofalA' oi iniit 
afni r>. ^fjifn.ri rtimi hr a|rM^h*«i In firtfnft 
. .1 i*»i- ir( llir Mif.il * m* 1( rrtF.i) inii f»l fhr r|r- 

rnf .iMi) iSr^r iinf#.f)MM» '‘'tli'hltf N ntl flir 

»icM jfj llfi* »’ ’mr {oi atAirnn 

u ),* '• \ i-i|jf»- hlH - HI '’ W'lini h N rh h( Ih|;)| r tla- 

fi» ?» ;.i«fi*itial '*tt I >/irn|i}r in iljr Son »*nU »*nr 
-fj {‘I IraiJi JM h» M» hi ruf ifril *f»fo «i 

! ifr laj'ihh- <»/ l'r«*«hM iJ^ii ,1 xi»ih!*' ah»*‘fr plion 
Iho N*-!! i: t ph v '-ii -«l ahnnii.-in* «' drtrMftMi 4 t)Hti* arr 

^«‘'ir|v liftMfrfI hx K.ulh'* iifiiio* phrtr. x^hh h prr 

xrnt'i Mf?*rf \ 4ln»i» nf fh»' far nit v i««|rt tra, 

iflilwtr ihr fr-oi<irtfi r liiff’^ ‘rf fuaiiH jrnpiittjinl rlr- 
i irnf" arr !*» 'Ihr ‘'iihtri f uf *fr|f/if atmo* 

fihrri'^ i* an rrnpurtant l»r;)n« h of rYf*»Alrrtt nawlrii 

pln-H I) fA'Iir^ hr:i4ilx on ihr mtithr*rn;vfM al 
nl pruhlrm^^ of thr ilifTn*]i<in of liirht out 
H4r»J ^h^ ,il(^h ari ah^'orhinii ;iud nnittint; riirriiurn 
and tm phx*i*al irifor rnatiHfi al^nif ihr <if 

4t«nn}> ihMirjstion hnr*. ihr aonnifii of « oniinuffti*' 
.ih*orpfi«»n of tiicht f wtliirh liuul* ihr Ai<'|>tlt Iti 
'H.hnh ran i nnd tlu* ihrofir-* tf;f liur hroad 
rrunii 

NIOtiOlli of iUlfi. KalfirfM dxudmir* and kifi^- 
mait<'«i «r<^ an irnportanf part ol thr wjhirrf of H|r||jir 
and arr irtiimairU < oiinrrtffl with thf? aWia* 
Ifihuliitn of fhr *taF* in *pii«r f xrr («ala%V« If-H- 
ii.kNAi : AAV. YMF ). Our Kdlavv h««^ a ayI 

abAnil 2 K 10* * Sum of ti'hh h imly a Hmall friMiioii 
i* vf«ihl«^ ff<*m bUnh. *liirA in orbit* 



4 * Uw* 

Arimfid fhair cromimm center of gravitation* located 
aboat (KKIO paraeoa from Earth in the ronateilation 
Sagitiariuar The galaay highly flattened hy 
ayi^tematic rotariiin, the linear rotational veh^Jiy 
heifig approaimafely 220 km/^ec at the Siin*H dtf^' 
tanee from the galactic renter; thin rorrc»pond» to 
a rotation iMPriod of 2(X).00()*<XK) year«. 

Differential rotatim. Within the galaxy, the rota- 
tion in dewribed nrith rexfiert to an external sta- 
tionary frame of referenre, from whirh it would 
almi appear as a differential rotathm. with angular 
velority varying with distance from the galactic 
venter (Fig. This rolafion curve is established 
by Mtfidy of the relative velocities of distant stars, 
and of clouds of iriterstclhir h>drogen seen by their 
21'em radio- f ref (iiency radiation, Uoh measured 
with respect to the Sun. Were the galaxy to rotate 
aa a rigid ImmIv, there would i>e n<» relative veloci- 
ties of a|i|»roach or recession; that is. nr» radial 
velfK*ity of u Hystemalic character. A differential 
rotation, however, is detectalile in the liausveisf 
motions of the stars, with res|iect to an tuil^ide 
frame of referem^e. even in the rigid bodv case. 
In the rionrigid Intdv rotati«»ii. the distant stars 
show sysiciimtic velocities in irituiii preferred di 
feiiitms. The relative radial \e|ocitv Tlr./i is 

Ftr,/) NnliniH) ' ID (Wo) I sin (/ /o) 

where / is the ii/iiniithal coordinate, in the galactic 
plane, of the star, /o that of the galuctu center. 
HH seen fniin the Sun. Wo is the SunVs distance to 
the galactic center, and W that (d the star; the mo- 
tion is assumed tt» he in the gulaelie plane. To a 
first approxirnatiim. for small distances r measured 
from Sun to star, the uhtive formula can he* wiitten 
ad 

|•(^/) - 2 rdHin 21 / - /o) 
where f is the first-order galaetie rotation con- 


atant. which lie« between abcujr 13 and 17 km/aec 
per lOfX) paraecft. Thia double wave ia visible In the 
mean radial veiocitiea of the stars in the range of 
distance .300 to 3000 parsecs; at larger distances 
higher-order terms mii«t be included. 

Peculiar veloriiy, .Superposed on the systematic 
rotation of the galaxy are individual motions of 
the stars. Each star moves in a Mimewhat elliptkal 
orbit and therebire shows a peculiar velm ity with 
respect t«f the local standard of rest, the standard 
moving in a circular orbit around the galactic cen- 
ter. The .Sun has an orbit of small ellipticity and 
inclination, so that solar motion with rex^pect to the 
mean of neighboring stars can be delecled by anal- 
vsin of either radial velocities* or proper m<»lions of 
neurh\ .Stars, 

Stars can be considered to be particles in a gas 
which has no (*nlli*>ions. with gra>itational distant 
encounters betw'een pair^ i»l star** only slightly al- 
tering their iirbils. The \e|ocitv di-*petsioii of the 
stars with respect to their bical standard of rest is 
essentially Maxwellian, except that instead of 
spherical syiTirnetrv. the stars disphn greater mo- 
fulitv, called preferential motion, in the directions 
Ifmard and awa\ from the galactic ( enter than thev 
do ill other directions; that is, their vebicilx dis 
tnbuti(»n is ellipsoidallv s\mmctric. 

W.icripc re/or//>. SiipertMised on this is an as>m- 
metrv of motiim found f«»r stats of high pectiltgf 
velocity. The velocity distribiitiim Imind for the 
stars is not u single Maxwellian one. but has e.s- 
sentiallv at least two different dispersions. One 
group is charnef^ri/ed bv a small dispersion of 
spai'e motion with respect Itt the liMal shuidard ol 
rest, for example about A 8 km sec for H stars, in- 
creasing to 'A 20 km sec for M stars oi fiopiila- 
tion I. 

Another group, the po|mlation II •*tai‘s, have \el(»i*- 
il\ dispersions ranging from :ir.30 to ±ir>0km **ec. 



M 9 . 9. im) IbtoHoml vtlocity varlat wMt dMonca valocify would bo conWonf lufiaod of docfoodfif nd* 

fromi|oNMilecofifor, fb) If gdoay woro oaolMk rodlut ot it ddot. 


IV bigh-v«}orit)r popuiation II are mt>vjii|^ in 
Ralariiwrentrie orbits of high ecxentricity atid in- 
clination to the galaetii: plane. If the> were mov* 
trig with a velocity vector measured with respect 
ti» the local sUndard of rest in the same direction 
Ah tite galactic rotation, their kinetic energy would 
br great 4H*ni|*ared to the gravitational force of 
ebe galaxy a« to exceed escape vel^K'ity. Thus it i** 
fout^ that stars with large velcK'ity vectors, greater 
(ban 6S km set^ with respect to the Sun, are absent 
tn one ifuadrant of the sk>. in the forward di- 
m tiitn of galactic nitation. 

,sV>/rtr motion. The solar motion is defiiiiHl hv a 
w»*ior giving the direction of -f. the apex of solar 
;tintitiri. and f^ the \elocilv with re^pet f to the lo' 

( i^tandard of rest. The radial veliK-itv of the Sun 
siib respect to a direction Imrated at angular dis- 
fctine A from the apex is a differential motion. 

I a f sill A. By averaging over the observed 
radial \c|iK'ilies of niars «>f a given Ivpe, at moder- 
.»n* disianies from the .Sun uir correcting sepa- 
Mldv for galactic rotation if necessarvi. both / 
.tod A can be determined. 

H»e apex of ' 0 )Jar motion with respect to the 
r»c,irf»\ luipiilalion 1 -^tar** is at right ascension I8^\ 
drM Iinati*»n t 29 . with ! ahonl 2t) km ser. With 
r» v(u*. t ti* the |)opiiiafion II -tais. the directi<»n of 
fhc .ijiex stninglv dependent «»n the vcIim it\ dis- 
I^r-ion 

/Vop»'r rnofton. 'Fhe lrans\erse inf»liof|s of the 
with resj»ect to a fixed coordinate svMem on 
ih» plane id the skv are seen as proper motions, 
rtbhb are iisiiailv given in seconds of arc per year. 
I Ik- tola! |»fi»per in<»lion o \< derived from tlie com- 
:H»nenl fi .. ill right ascension, in seconds of time. 
•Old •. . in dei linalion. in ser«inds of arc. by 

fi ■ I 1 .^ /I , COS h ) ' t /i-“ 

IV^piT tiiofioii ot a star is measured bv disfilace- 
ri)''nts on photographic plates taken at a siiificieiilK 
long interval of time. The standard of reM is umi- 
allv established hv stariv of accuiatelv known ab- 
solute positions and motiiois. In princiide, an ideal 
Maridard of rest would be provided by the faint ex- 
tragalactir nebulae, and work is in pn^gress with 
the latter te4^hnic|tir. However, normally, absolute 
P«»Mtiorts of reference stars are determined h> vis. 
fial oh^irrvationx. accurately timed, of the tr^tivils 
of Htaryi. tiding meridian circles. Almut 200 litom 
have moiionx exceeding I'* tier year; rnotionx down 
ut f//005 per year are moderately dependable. 

H the Sun ia considered at rext, component*^ of 
the pei'uliar motion of a atar a» observed from the 
Sun form a vector diagram (Fig. 10). If, in a year 
the alar movea from S to S* at velocity i;, the ve- 
l*»city in the line of aiidtt i« radial velocity I', and 
the velocity acroaa the tine of idght » proper mo- 
<h>n >&, in aeconda of arc per year. Parallax p ia 
al>«> expremed in aeconda of arc; then tangeniial 
velocity f t» f «. 4,74 the apace velocity v b 
F* -f r*, and the radial and tangeniial ve- 
loeitiek are F « o coa 9 and f ** » ain 0 . All ve- 
Inctiiea are expreaaed in km/aec. 
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Conversely if die atara were alt aland^i adB 
and the Sun ahme were moving, or if tbe atara* mo* 
tiona are averaged out. the formula above for the 
tangential velocity indicates that a aUr would ahow 
a pro|)er motion due to the projectioit of the «»!ar 
motion on the plane of the sky. ThU fiertnita the 
determination of the aolar motion frmn the prt>|ier 
motioii9« of nearby atarx for whtrb p ia not too 
Hroall, Stmilarlv, if the observed motions of a grtiup 
of fttaiw, after corw'twm for wvlar motion, are 
used, an enitniafe U ohiained of the average imrah 
lax. .^(HH’ial caialog!4 give accurate pc^tvitiona and 
proper motions. 

Radial ir/ocirv- Spectroscopic meaaure«i of 
iKippler shifts give radial vrhwitv. A general cata- 
log of stellar radial velocities of ]5,(K)0 start* b 
available. Stellar radial vcbvitirs are delerminetl 
with ai'curacies up to dtrB.l km sec; the largest 
velociticH are alMoit KH) km sec, hut only 'IVJ are 
greater than 60 km sec. 

t galactic dvnamics has an i|s main result the in- 
terprelati<in of the space motiontk of siar?^ in lermsi 
of galactic rotation, orbii««. niid the dbtrihution of 
mass in our galaxv. Fitmi the rotational-veliM'jty 
curve for circular orbits, the mass js determined: 
this method lias been applied to a few extragalactir 
nebulae with the general result that maifcsea of 
galaxies range from lO" to 2 > 10** Suns. The 
dvnainics of sut h features as the spiral aflfis have 
not vet been under.stood. 

Spgtisl distributiofi. The distiihulion of atara In 
space is the subject of studies of stellar alatiat{i*«i 
and galactic structure. The Milkv Wav is the dunv 
ifiant feature of our galiixv. even to the eye, and 
re|»resentN the mean plane in which the ^ar* are 
com eiitrated. it is nearly a great circle, indicating 
that the Sun lies near the galactic plane. 

The number of statw at rt given apparent magni- 
tude a function of galactic laiiltide and long!- 
*».jde: in the galactic plane the complex Hlnu'ture 
of interMellar ( loiidM of dust that ab^orh light and 
the irregitla lilies of spiral structure produce a 
somewhat iiregular. pafehv appearance, with a 
riiaxirniini niimher of faint stars in Ute direction of 
the galac tic center in Sagittarius, with subsidiary 
maxima in (!vgniis and ('arina. The latter are proh- 
aldv caiiscni by spiral arms. 

For an average over galaetic longitude, the lati- 
tude dependenc e is shown in Table 6. whic'h gives 
log N,^,h where it* the niimher of atara brighter 
than apparent magnitude m. per Mpiare degree, at 
latitude /i, Hie light of the entire sky b erpiivalent 
to that of one star of magnitude - 6.6. lire number 
of Mars increases very rapidly with m, almiit three* 



Fig. 10. CompotMf t« Off propor cuvd radial moiioni of 
a Mr. 
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fold |H*r iiiagnittidf*, in th«* ^aim lK plan#*; ihr rair 
of inrrrAHr in Hlowrr for fainter ntar^ and at hiKher 
fCalac'lir latitiide*<. The galartir < t>ii< entrathin <d 
HtarM inereAMeit for fainter Marn. a natural result 
l>eeaiiHe the faint ntarn are on the average nii^re 
dintant. 

Certain tvpe«( of ohje<*t« are hiaihK < iniernt rated 
toward the i^alaetir plane. pnrtinilarK < ephetd 
variables, liiininotis 0 and B stars, and isahietic 
eliiKters. OtherM like M dwarfs and limfc-perind var- 
iables are less roiu entruled, while itlobiilar this 
ters and RR I yrae variable star** show almost no 
eoneentrution. 

Part id this elTert is niiised b\ liiniinositv dilTei 
enrrs; for example. M dwarfs are ho intrinsii alK 
faint that ihev < annot he seiMt to great disiumeH. 
On the other hand O and B ntars are intrinHiialh 
hiffhlv roneentnited to the galm tii td.ine, while 
the glohiilar elusters and other extreme population 
IT high-veloeiu stars are found at great heights. u|i 
to Ifi.OfK) (rarsees from the plane. 

Ill the gniaetie tdaiie the fref|iien< \ distrilMifion 
of the types of stars varies from fioini to point. In 
terstellar gas and dust is highiv lomenlrated in 
the spiral arms, together with O and B stars and 
other |M>pnlation I ohjeets of high himinosiiv. In 
the neighborhood of the ^nn. the hirninositv fune 
tion given in Table 7 is a useful average value. I 
gives the dennitv of stars per eiihie parser as ; 
fiinetion of ahstdiile visttai magnitude d»(Af 
within range A# + h to .If - However, out 
^ide the spiral arms, and at heights greater that 
100 paraeca from the galactie plane, the high-liimi 
noMitv end of is rut off. 

At great heighta. Atar« with Afr leae than 4 3 ar 
rare. The (vpaee density of all tvpes of siara U 
gather id almut O.l solar masses per eubir parse 
in the galaetic plane and devTeanes rapidly wit 
height above the plane, following an approaimatel 
eitnmential law. with a scale height Am. which vai 


TaMa 7. Fraguifiqr tog 4^3/) of tiara 
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fee with ibe type of atar. The B atara and the inter* 
atellar gaa cloticb have Ae abool 100 parooea; RR 
Lyrae variables have Ao in the order of 2S00 par* 
aeca. Thra difference reflerta the different kbieik 
energies of alow and fa»t moving alara. The apace 
density of atara increaoea greatly towarda the cen* 
ter of the galavy. pf>«iAiliiy by a factor of 100. The 
thickneaii of the galaxy alao increaaea; the galactic 
center in composed mainly of stars of popnlation 
II, which show a very large A«. ( j.L.cn.l 
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star clouds 

Aggregatiotis of tlioiisatids or nttllion*i of Mar* 
spread over hundreds tir thoiisiinds of light vcais 
in space. 'Phe Vlilkv W'av !•» compost*il of surh star 
clouds, the heaviest rioiids being in the richest 








Stamm* illiMtmted. The ttem in eudi ctoaib 
may appear unevenly dirtribiitecl beeanee ef iIms 
of obeenring interwtellar 4iM and gaa. 
The term bae also been applied to the Large and 
Small Magellanic Clouds which appear similar to 
Milky Way clcnids but are actually the nearest 
galasies to our own. ( ) 

Star clusters 

i^roups of stars held together by gravitational at* 
trartion. The two chief t%pes are galactic or o|H>n 

* iuMers, containing from a doaen up to manv hun* 
drcd stars, and globular rlusters, composed of 
thousands to hundreds of lhou*Mind« of <^tars. A rel- 
ati%c of the star cluster is the stellar asMM'iation. a 
isrotjp of do/en<« <»r hundreds of <»tttrK spread looseU 
t.%er a larger volume of ^pa^e Mar cliiiiters are im- 
pi>rtant in outlining the shape and extent of our 
^alaxv and in deriving thr<irie<i of stellar evolution 
Mil the a«<siimptif»n that ^tars of a given cluster 
torn* loriiied at the ^^ariie time 

Galactic clusters. ()|N-n <luMers he along the 
)M<klM»nr of our galaxv, tieing sironglv roncen- 
truONrf to the lentiat plane of the Milkv V^av \ 
f| »/f n arc visible in ihe unaided e\#\ over VK) are 
and manv m»>re muHi exi^i Mu'*! gala< 

'I ( lu’'ler^ have an asvminetrM al ap))cafBme 
I I > 

lhstitn*is nnd tlimt The di'‘tame« i<i ga 

* )i ^0 « liiHtcr^ range frimi V) pai'^e^^- for the 

M. ide.. up i«j VMM! paiMM H for faint i luHiefn 'rhone 
' i •rf di'^tiint are dilln ult to dete< t against a ruh 
'•tir li.o kground For diKtarue determination hv 

♦ *oui»'lrM method** fiiea«*ure*. are made of irigo 
’»oiiuiri» p.itallaxe** <»i of <>te||ar motion** llv pho 
^irttrn method** llic apparent and ah«*4dule rnag 
rutude^ nf the Mars aie determined See i*vg\ii xx 

V^ISONOMV I 

\ngular diameter^ gaUt In < lu«ter«k range 
iroin neveral degrre*^ down to neveral miniiten of 
)r« the < orre*^poriding linear dianieteiH ranging 

♦ lom 15 parcel *• down to 2 pat^e*** From a •»tudv 
d the wav in whhh linear diatneter« appeared to 
UK reave with irureaHing di*»taine the ahvorption 
of light in spare was dedured hv R J Irunipler in 

vm 

Spec fro/ i hararti^nstiir% The hrighlei^t stars in 
s*»rne i luster**, like the Pleiades, are blue, of spec 
tral type B, in others like the Hvades ttr Prasa^pe. 
thfv are \etlow or red. Stars with luminosities 
brighter than ah*«olute magnitude - t are fimnd. 
and sonietifiHHi aupergianls up to - 7 
Most stars fall ahuig the highiv populated 
branch of the «pectrufii*liiininositv diagram known 
sx the main sequence. The point where this ae- 
qiience starta fumiafaea a criterion of the age of 
the cluster. Cabi<itic rtuMers show great diveraity 
»n their s|v«t*tniin4uniinoaity diagrams. The> may 
be I laaaifiiHl on ihia baala. as well aa by richueas 
central t'oocemration. They mav coolain aiirh 
trpes of atara aa bright O atara. vtaual and apec- 
binaries, rertain kiuda u| variables, and 
tvhite dwarfs. Some cltmtera, Kke the Pleiades, ceo- 



Fig. 1 The double clufler In Peneiit. (Yerlres Ohssrvo* 
lory phofogroph) 


lam amounts of nrhulo«it% ei(uivalrnl to manv 
M)lar masHC** 

WofiofM Measures 4i| prtfiper motion and radial 
velof fiv show the i luster stars to In- sharing a com* 
m«»n motion in spate with veba itiea up to tetia nf 
kilometers per sei-ond. t*alatttt vlustera* whose 
most prominent i hara« leristir is a large common 
ptopcf ntiiliuii of the shir** aie tailed m«»vifig « lii«* 
teis I he dmgtam of proper molmiis m n cluster 
shows a I oiispK iHuis 4orivergi*nt t»oitit. wheie their 
ImmIIcI rtiotiotiH appear to meet in space This 
I ategorv iii< hides the Taurus and l*rsa Maior 
moving < lusters 

Ige ttfui dts%4dtu*h}n Hv (oinpariitg ike spei 
irurn lurntriosuv diagram with a siuniiard rtiafti 
•»eUuciiie, the age of a < liiMci may Ikt deter 
mined one exiieme are voting (lusters, formed 
in reteiii geologic tunes, like N([»<I and 22h4 

wiih apes «)t the order of 10' vears At the other 
extreme is Messier (>7 with an age «»f 5 * HP 
vears lomparahle with old systems like globular 
flusters I he lifetime of a i hislrr will depend on 
It** rociss The more massive wilt bise (ewer stars hv 
'‘evapfuaimtr* from the fluster and hv diaruptifin 
from intei<ite||ar rbmdx and galartic tidal forces 

SteNar attOcialkNis. Sv stems where early Ivfw 
(O to K2) stars are more numeroiia than in the 
surrounding field are cataloged ax stellar axaocia* 
flmis. Alnuit .%() are < ntaloged. The radii range up 
t«» 20fl parsef*s Tliey are fierishahle. laxting 10.- 
(KKkOOO 20.0flf».U00 years 

Gtobuiar cteMton, (*rou|VH of thounatidx to hun- 
dreds of thoiiaands of vtarx in globular aymmnfry. 
runffittiiie globular rluMerx. Though they are scat- 
tered widely in galactic latitude, thdr vfrong con- 
centration toward the regimi of Sagiflaritia-.Sr4rrpiu 
^ led Harlow Sbaptey in Pil7 to poalulate thia a# tlie 
^ f^enier of our galaay. .Several are viafble to the tin 
aided eye. like Meaaier IS, the great cluiUer m 
Hercolea (Fig. 2). K fotal of 118 have bean data; 
toged in our galaay. including ^eral ao far 4ia- 
tant that they are reallv intergalaclic. Aa many 
imire mav he undetected* 

i>ai«area and dlm^ndaM. The didlancei to gbh^ 
itlar cluatera range from 2000 paraeco for the near* 



wt to 40JOOO hr dimtafit «nd 130*000 for inter* 
gslecflCr They ere too greet for getmetru method* 
of dieteiiee drirrminetion^ but phriiometrii meth- 
od* ifieolviiig eolor*megnitude diegrem* end KR 
Lyree eter* ren W uwd. The epparenl diameter*^ 
range from 6*V to end the linear dIemeterH 
from 190 to 20 per*eeH. 

Strur$urf*, iJobuler rtiiMer* differ rnarkedU in 
their degree of mitral • onrentration and are (la*« 
aified on thift ba« 0 M. A few are notneahiy ellipiifal 
tn Mime, the freqiienry of Marti falN off an llu- 
eulie of the diMame from the renter A loiiril of 
44,5(K) Mar* in the typnal < liiMer Me«iHier 3. with 
the Ml Palortiar 2(Khin teleMojie ^h4»HH that 
of the visual light of the i liiwter i orne^ from sfarw 
intf in*«i< ally Imgliler than our Sun Hhile *H)' , ol 
the rnaHM r*» < ontribiited hv fainter I be e*^ii 

mated rna«“* i-* 2 / 10 s<»lar ma**^ v 

l)enHif\ of •lur'^ near ibe M*nlei i»* bigb 'tO 
pet I iibif (larnfM <onipar«M with one 'i^iur per 10 
t iibi« parm s near ibe Sun \n avtrage i liiMet 
deiiMiU H one Mfar per 2 i ubu par mm h *rbe iiui*‘H|v» 

( IuMith Omega ( entauri and IT 'I m ariae ba\f 
higher den<»ilieH: at the i enter of the latter tlu 
Htailight Wfiiild be eiiuivalenl lo '*e\MtiI ilioii^aiid 
full MfMiiiH 

dolor magnitude diagrariiH difb r appmiablv 
fiorn tlutM* (»f galatth (lii'^teiH Star** of aliMdiilf 
niugnitiitle lirigliter than t me altMut I lu 
hiighle*il Mars are \ellnH red tlu mam M'«pjeiif< 
|H reprrM-tiled lis largf niiinbti** of ntaiH fidiii i\pf 
F down, with a hori/ontal biarub near altMthiti 
magnitude 0 The «tpntra hIiow pn ulKiiitie*^ at 
iribiited to old Mai^ 

V'ariable Htarn abound tri Mime < |iiH|rr<« Me^tnirr 
b the ri( be«t. ba«i 187 and rnoM globiilar^^ t mitain 
Mime Short perunl HK I viae make up ^81', 
of the \ariablf n 

Miftums The H>nimelr\ of a globulai < luMei iv 
doubt le)ii« < allied b> rotation about < entral ma**'' 



ng* 2« Tha grtol gtobwbr cluiinr In Hniculat* 

13k nmmgfafrfHid wMi 3KKMn. m l mcop*. (Mounf Wil- 
400 cmd takNMT CMiwrrtrlorM 


but the great diatanceii of the eluntm reader de^ 
termination of individual atar motionn diffirutt Ha- 
dial velrudlien measured for 50 eluMera range from 
- 360 km/se< to -^290 km sec llieae large valuer 
are a eombination of the gaiartie rotation of the 
.Sun and td the rItiMer ClitiMert* move around the 
galaclif 1 enter in orbit«^ with semtmajor aiei up 
to 25,000 parM^ch, 

formation^ and diuotution, Fsoliitionarv 
rnode|« give an eMimiate of the time taken for Mars 
to evolve to lertain *>|uh I riim biniin4»Mtv iharai- 
teri««ti< s The age** f»f Mars ho inferred in globular 
< liiMers land therefore of the iluMers) are about 
6 2 / Hr veafH triolmlar diiMers mav have 

formed from dense knot** of diffuse material in 
varuMis shells at npet ihi disiatifes fr<»ni the gulac- 
III lenler <i\er a iK*riod id IvOOO.fKHMKM) vears 
Dvnumu .illv these ilusr*-iH «re ho suhle that their 
individual Mars will die as Mar** lu lor»‘ ihe < Insfeis 
disintegtale 

Cluatora in extragalactic ayatama. star iluMers 

lomparahit* t«» thos< lu longing ttf otir galuw have 
been observed in more than a do/eii external galax 
les It iH diflufilt to diwiiiigiiish the tvfu* id (luster 
in sin h distant idiirds Hoih Ivt>eH have been 
fiujitd in the I arg( and ^iiwitl M tgellmin ( huidH 
and Messier \\ in Viidroineda Hartn iilariv rn h 
in gliduilai ( 1 iih(« r** is MeH<«n i 87 a gi«iiit fllipinal 
galaxv in Virgo wilh moie than HKHtflijHifis S# * 

(fVI \\\ nil ihAIUs. PlIIAIIIs IlIsH^ 

Wi/i/zog/u/i/ii II S Hogg Mar iliiHiirs m 
^ Hiieggi tf<l I Handhuih d* r l^fnstk, \ol 
1950 ^ 

starch 

'Die reserve (nihohvdrate sioied iistialiv in tlu 
seeds r«»ols oi stems of fdants It i- set oiid or.h to 
telltilose in ahundaru e as a sonrtf (d * arhoh\ 
diates For inarn tent lines torn, wheat potato 
and me have supplied the liasu < ar hohvdrafe 
iiet*ris <d mankind See ( vkn<mi\i»KA ri 

Vlthough Stan h is widespread in plants onlv 
II few soiines are suffu lenth Hlnindaiil t«» make 
thf exiraefion cd the slari h i ommeri lailv feasible 
These sources are <orn, tapuua potato, sago 
waxv nuii/e. wheat, Mirgbum rue and arrow 
nml The nafiirallv iH'nirring stonh is separated 
from the seed, as in corn, wheat waxv maire. 
Mirghum. and nre. from the root, us in tapioca 
|ioiato. and arrowroot; or from the stem, as in 
imgo. bv a varietv id mrthi»ds. The usual procedure 
eonsists in rleaning the plant material, which ia 
then ground, soaked, washed, sieved, and filtered 
The washed starch is recovered a filler cake be- 
fore It IS dried and ground. 

^tari'h m rhi» form in a white powder, and the 
unaided eve can detect little difference between 
the various start hen extracted from different 
plantH \II the starches are insoluble in alcohol, 
most sohenls, and cold water. A dilute solution 
of iodine stains March a blue to bluish-re4'' color. 

Under the mtcroacope^ the slarchea apfumr a« 
eeliiilar or granular material with shape* varying 




h 


Mtc'otvOpic appearonc«\ of starch. Nafional Starch 

P^odsjch, tnc.i 


wii!l> !fn* Ixiianitjl <»ri|>in \ Irn nf ihi’^r* inirKi- 
*»ph apprarani f H arr •'Imphu hi iIh* illu*>triitiiHi. 
i h<' s;trs in trivin alnMil 2 (n HMl n 

f tiu'*. each plant Injiliiv a A^iarfii to '>1111 il^i 

ti {Mir |»o»r 

Molecular structure, (.lanular chflrmiro# ar#* 

r< lalr<l tn tin* ha**!* clifTi*r#*iM in niolr*< nlai -tin*' 
torr‘^ thr varioij** plant- Iniild for in* 

'iivniual nr«*<ls. Slunh and • r|liiIo-«*. iIh' lv%o {»rin 
' i{>ai « arlMih\dratr- of (datil origin, arc* \<*r\ 
similar in mo|r«'ular -trijrhirr. Both art* natural 
{'MUriif'r> «»f glii(-o-r. 'Mif glin o-t* unit* are {oinrd 
P'S /M.4-glu«"«».*«iidi* linkage*- to form *rllnlo*.f* 
^tiaight'<'hainr«i iiudrruli*** ; n* J . kglino^^id'* link- 
-igr- la»ml ihr ‘•lrttight*<‘hainrd -lart h po|\rnrr*» to- 
;:Hhrr. In addition If) ^traighprhaiiie*d -tarf'h 
mo|r<'iileH. known ani\l<rM*, ilirr*- arr* liran* lirfi 
“larch molrri]|<*-». known as anu lf»pcrtin. Tlufr^ 
hranchc- ar<* {orm«*d oi'cashmalK in trcclikf 
ton from thl^ 1.6*gliico‘*idf“ Bnkage in a normal 1,4^ 
glui'o«cide Mraight'f'hainrd t>ol>rm*r S*‘f' 

Thu^. thrr« arc two baj^ir l>pc- fff -larrb m«»|r"' 
the linear March imivmcr and ihr branched 
‘larch |>ol\mer. Am>lo*Mif molei'ules varv in •‘ire 
-r«^m ai]a»ut 1()0 to f>vcr 1000 gliieo«(e unit#. Araylo- 
!>ei iin molecule* are larger hy three or more times, 
fhe Sizes o( the moler'ule^ and the amotint^ of each 
*>iw^ prfHent m the March granule determine the 
properties of the tndi%iduat March. B<ith 
are normally myntbesiaed by and are present 
hi plant;^. Mom March granules, as produced by na- 
*t*re, eootain approximately 20 to 30^^ of the 


amyloMB type inolecaK and the balance «d itie 
amyidpecliii type. Starrhea from the $0<alled 
waxy grain;) contain only amylopecMin mahH^ulea. 
Some Hpet^iat hybrids prudmre granules high in 
aniylose <.Hmtent. 

Fotmt of procOMOd lUitll. The March granules 
are formed b> attrac tive fon'es lietween iIicm* large 
carUiliydrate molet^ules. The linear |Kirtions of the 
iiioletuiles tend to asscM'iale together into micelles 
whif'h bind the various moiet'iites together into a 
crvstalliiielike structure. Such a siructuie is fairly 
rigid and insoluble in cold water. However, when 
the teiiiperature f»f a -tisiMrnsiun of Mart'll in water 
is itifTcased to a critical |mint. called the gelati^ 
ni/.alion temperature, water penrtratca the granules 
to hvdrale and ^well them to produce a viscous 
mas-. (lelaliniraiion temperature)* varv tbO 7J>'Cl 
from -lariii to March. Further (^wrliiug. with more 
thickening. <n cur- as the temperature h iiuTt^ased. 
and tlie Mart'll i** cooked. Starches l«»se their iiiiii|iie 
ini« roM *>pic appearum e or shape as gelatiiitaalion 
ptiM'**cd- am! ihev iM'coiitr fully I'ooki-d. The i'har- 
at ten>iic- of the viscmum M»hitions \ttrv from starch 
In )*farch. I'he i«)t»i tvpe Manh stiluiitui-, aftex cool 
iiig to room temperature, arc i learer. more fluid, 
and ti»he-i\e in tevluri*. while the «ereabf\|te 
-laichrt ptiMiuce clotuh. le-it fluid March piiMes 
tiuil lend to be tell>likc in texture. 

'Die natural starches find a vaiietv of uses an 
Ihitkenei's m foods and indiisliial pri»ce«»ses. Mauv 
tinier, htiwever. tlie*-!* Mlai'idio ar«' procenjied fuitlier 
Im tdtlaiM \isci»Hilv or lexiuie diffeiences of eien 
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greater use. For example, starch may be converted 
with enzymes (amylases) to produce lower-viscos- 
ity types for sizing purposes. In the presence of 
acid, and at temperatures below the gelatinization 
point starch may be converted in water suspension 
by breaking some of the molecules to obtain 
starches which give less viscous solutions. These 
thin boiling-type starches find many uses where in- 
creased concentration is desirable without more 
viscosity. These cooked starch pastes usually set 
on cooling with increased jelly like textures. The 
molecular size of starch may also be reduced with 
oxidizing agents. Carboxyl groups are introduced 
into fhe molecules in this way, and cooked starch 
pastes of these types are less jellylike in texture. 

When starch is roasted in dry form, usually in 
the presence of a small amount of acid, a wide 
variety of starch products is obtained. The color 
usually darkens to shades of tan to brown, and the 
viscosity is reduced with increased roasting. This 
dextrinization process is a complex chemical reac- 
tion, and consists of a combination of hydrolysis, 
oxidation, and transglucosidation of the starch 
molecule, as well as repolyrnerization of some of 
the reaction products. The normally insoluble (in 
cold water) starch granule is converted with in- 
creasing dextrinization into smaller molecules 
which are soluble in cold water. Some common 
names for dextrins are British gums, white dex- 
trins, and canary or yellow dextrins. These prod- 
ucts find many industrial uses. Concentrated so- 
lutions of dextrins are sticky and have wide 
adhesive applications. 

If the starch molecule is depolymerized further, 
usually by acid hydrolysis, a variety of sugars and 
dextrose or glucose is obtained. These in svrup 
or dry form find wide application in food products 
as sweeteners. See Corn. 

Carboxyl (COOH) groups are introduced into 
the starch molecule on oxidation. Other groupings 
or radicals, such as ethers or esters, can he intro- 
duced to produce different properties to the indi- 
vidual starch. Starch molecules also may he joined 
to form larger molecules. Thus, a wide variety of 
starch properties may be obtained to suit the 
needs of industry. See Food engineering. 

|t. a. white I 

Bibliography: F. H. Frost ct al.. Starch and 
Starch Products in Paper Coating, Tech. Assoc. 
Pulp Paper Ind., Monograph Ser., 17, 1957; R. W. 
Kerr, Chemistry and Industry of Starch, 2d ed., 
1950; National Starch Products Inc., The Story of 
Starches, 1953. 

Starfish 

A member of the subclass Asteroidea, phylum 
Echinodermata. There are about 1700 living spe- 
cies, all marine. See Asteroidea. 

Economic importance. Starfishes are of some 
economic importance in areas where oysters are 
produced because they prey heavily upon oysters 
and can cause serious los.ses. Other than this they 
are of little importance. Some are used in zoology 
cla.sses for study specimens. The early embryology 


is also studied as an example of holoblastic cleav- 
age, and young stages are frequently utilized in 
various embryological experiments (see Embry- 
ology, experimental; Invertebrate embryol- 
ogy). Dried specimens are frequently used as deco- 
rations. 

Structure. Starfishes are radially symmetrical, 
with movable calcareous skeletons. Typically they 
arc 5-armed, but some have a large,. 5-sided disk 
without arms, whereas others may have 4-50 arms. 
Most starfishes are only a few inches across, but 
one has a spread up to a meter. 

Starfishes have a water vascular system, unique 
to the Echinodermata, which is used in locomotion, 
food handling, and respiration. In this system, water 
is used to fill a ring canal around the disk and 
branches which rim down each arm. The branches 
connect to the ampullae of the numerous tube feet, 
which arc small suction-cup structures. This hy- 
draulic system enables the starfish to exert maxi- 
mum force in such activities as opening oysters and 
pulling itself along with minimum muscular 
strength. The system opens on the dorsal surface 
of the disk through a pore, the madreporite. 

In addition to the tube feet, respiration is ac- 
complished by dermal papulae which are small 
saclike structures projecting through openings in 
the skeleton and leading to the coelom. The diges- 
tive system extends into the arms. The mouth is 
ventral and connects directly to the centraHy 
located stomach. Starfishes are covered with cilia 
on both .surfaces, which probably aid in keeping 
their surfaces free of debris, plants, and animals. 
Most .starfishi's 4ilso have small pinci*rlike struc- 
tures, the pedicillariae, on their surfaces, which aid 
in keeping them clean. The circulatory system is 
reduced to a ring around the mouth and a small 
vessel running down each arm. A similarly situated 
nerve ring with four nerves, which extend along 
each arm, comprises the nervous system. 

Reproduction. The sexes are .separate in all 
starfishes. A pair of gonads lies in the coelom of 
each arm. Large numbers of eggs are shed directly 
into the .sea, where they are fertilized and undergo 
early development. At first the free-swimming larva 
is bilaterally symmetrical, becoming radially sym- 
metrical only in the later stages of development. 
The larvae ultimately develop heavy skeletons and 
settle to the bottom of the sea. 



The starfish. (From T. /. Sforer and R. L. Usingor, Gen- 
eral Zoology, 3d ed., McGraw-Hill, New York, 1957) 
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Characteristics. Starfishes live on the bottom 
of the sea at various depths, ranging from between 
tidemarks down to abyssal floors more than 4 miles 
deep. They are nearly all predacious, their princi- 
pal food being bivalves and other mollusks. When 
attacked, they may voluntarily shed an arm, es- 
pecially if it is injured. This process is called au- 
totomy. They are capable of regeneration to a 
marked degree, even developing a new animal if 
one arm and part of the disk is intact. One species 
will develop a new animal from only a part of one 
arm. Specimens with regenerated arms are com- 
mon and are easily delected. 

The related brittle stars of the class Ophiiiroidea 
are similar to the starfishes except that the central 
disk is (juite small and the arms are typically long, 
slender, and fragile. In the serpent stars, the arms 
arc unusually long and slender. The basket stars 
have aims which are repeatedly branched dichoto- 
mniisly (forked) and terminate in tendrillike tips. 
Srr KcHINODKRM A PA. | H. B. VF.U.l 

Stark effect 

The effect of an electric field on spectrum lines. 
The electric field may be externally applied, but in 
rnanv cases it is an internal field caused by the 
presence of neighboring ions or atoms in a gas, 
li'piid, or solid. Discovered in 191.H by .1. Stark, the 
effecl is most easily studied in the spectra of hydro- 
gen and helium, bv (observing the light from the 
cathode dark space of an electric discharge. Be- 
cjiijse of the large potential drop across- this region, 
the lines are split into several components. For ob- 
scr\alion perpendicular to the field, the light of 
these components is linearly polarized. The split- 
ting can be easily resolved with a speclrf)graph of 
rnoflerate dispersion, amounting in the case oi the 
H. line at 4H40 A to a total spread of 32 A for a 
field of 104,000 volts/cm. 

Linear Stark effect. This effect exhibits large, 
nearly symmetrical patterns. Examples are shown 
in the illustration, where the symbols tt and a 
refer to the two states of polarization (see Zkfman 
fkfkct). The interpretation of the linear Stark ef- 
fect was one of the first successes of the quantum 
theory. According to this theory, the effect of the 
electric field on the electron orbit is to split each 
energy level of the principal quantum number 
n into 2fi — 1 equidistant levels, of separatioYi 
proportional to the field strength. Thus the higher 
members of a series show a larger number of com- 
ponents and greater over-all splittings. The crite- 
lion for the occurrence of the linear Stark effect is 
that the splitting of the levels shall be large com- 
pared to the natural separation of levels of the 
•^ame n but different L, where L is the quantum 
number of orbital angular momentum. See Quan- 
laJlVT NUMBERS. 

Quadratic Stark effect. This occurs in lines re- 
sulting from the lower energy states of many-elec- 
tron atoms. Here the large separation of states of 
different L results from the penetration of the 
valence electrons into the core of other electrons, 
^Ith the result that the permanent dipole moment 


associated with hydrogenlike orbits no longer ex- 
ists. There is, however, a small induced dipole mo- 
ment due to polarization of the atom. This moment 
is proportional to the electric field strength, and 
since the energy change is proportional to the prod- 
uct of the dipole moment and the field strength, the 
energy levels shift by an amount depending on the 
square of the field. Thus all levels have shifts of 
the same sign and therefore are displaced to 
lower energies. Each field-free level is also split, 
as a result of the space quantization of the angular 
momentum vector /, so that there are / + 1 com- 
ponents if J is integral, or ] -f 14 components if 
it is haJf-integrnl. Because the lower levels are 
usually less displaced than the higher ones, the 
quadratic Stark effect ordinarily shows itself as a 
shift of the lines toward the red end of the spec- 
trum, with an accompanying separation into several 
components. 

The quadratic Stark effect is basic to the expla- 
nation of the formation of molecules from atoms, 
of dielectric constants, and of the broadening of 
spectral line.s. 

Intermolecuiar Stark effect. Produced by the 
action of the electric field from surrounding atoms 
or ions on the emitting atom, the intermolecuiar 
effect causes a shifting and broadening of spectrum 
lines. The molecules being in motion, these fields 
are inhomogeneous in space and also in time. Hence 
the line is not split into resolved components hut Is 
merely widened. Particularly in the electric dis- 
charge through gases with high currents, the large 
ion density may cause very wide lines. The amount 
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Stark effect for helium lines, (a) The 4144 and 4169 A 
lines at field strengths 0—85,000 volts/ cm, (b) The 4922 
A line at 0-40,000 volts/cm. In (a) note the disappear- 
ance of the — ^// line at a certain field strength, 
and the symmetry of the or components (those with 
polarization perpendicular to the field), marked with 
dots. In (b) note the crossing over of the two ’P — 
components. U, S. Foster and Curtis Foster, McGill 
University) 
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of the broadening is found to run parallel to the 
sensitivity of the line to the Stark effect and thus is 
greatest for those lines susceptible to the linear 
effect. 

Inverse Stark effect. This is the effect as ob- 
served with absorption lines. It has been detected, 
for example, by applying an electric field to potas- 
sium vapor, and measuring a small displacement 
of the absorption lines towards the red. The dis- 
placements are found to be proportional to the 
square of the field strength, as in the quadratic 
Stark effect. In addition, certain lines of large n, 
which are normally forbidden by the selection rule 
for />, are observed to appear in the presence of the 
field. This type of transition is said to be produced 
by “forced di()ole radiation.” Such forbidden lines 
also may be obtained in emission. In the illustra- 
tion, the lines and 2'P — ^^F ore ex- 
amples of forced dipole transitions. [f.a.j.] 

Bibliography: (i. Herzberg, Atomic Spectra and 
Atomic Structure. 2(1 ed., 1944. 

starling 

Any member of the Old World family Sturnidae, 
a family of perching birds. There are over 100 
known species. One of these, the European starling, 
Sturnus vulgaris^ is widely distributed in the United 
StatevS. 

The first starlings were released in New York in 
1890. They have since spread over almost all of the 
United States, although they are still uncommon in 
parts of the West. Starlings (congregate in cities 
and roost on the larger public buildings, creating 



The starling, Sturnus vulgaris; length to 8^ in. (Karl 
Maslowski, National Audubon Socioty) 


quite a nuisance. The starling is easily distin- 
guished from other black or blackish birds by its 
short tail and yellow bill. See Passeriformes. 

[J.D.B.] 

Static 

A hissing, crackling, or other sudden sharp noise 
that tends to interfere with the reception, utiliza- 
tion, or enjoyment of desired signals or sounds. 
Perhaps the commonest form of static is that heard 
in ordinary broadcast receivers during electrical 
storms. Interference in radio receivers caused by 
improperly operating electric devices in the vicin- 
ity is sometimes also called static. See Skerics. 

The crackling sounds heard when long-playing 
plastic phonograph records are played are also 
called static. These sounds Jire caused by sudden 
defle('tion of the phonograph needle by dust par- 
ticles, which are attracted to the grooves of ihe 
record by surface electric charges caused by fric- 
tion on dry days. Static appears as momentary 
white specks in a television picture. See Interfer- 
ence, electrical; Noise, electrical. [ j.mr.] 

static electricity 

The study of elet'tric charges at rest and the fields 
they produce. The fundamental fact of static elec- 
tricity (or electrostatics) is that similarly electri- 
fied bodies repel, whereas oppositely electrified 
bodies attract, each other. Coulomb’s law of ffirce 
is the basic quantitative law of electrostatics. See 
Charge, electric; Coulomb’s law; Electro- 
statics. ^ [r.p.wl] 

Statics 

That branch of mechanics which treats of forces 
and the equilibrium of matter. A body at rest on 
earth is considered to be in equilibrium. 

A body is acted on by many forces whose collec- 
tive characteristics determine its motion. Mechan- 
ics deals with force, matter, and motion. Statics 
treats of force and force systems abstracted from 
matter, and of forces which act on bodies in equi- 
librium. 

A problem of architects, engineers, and physi- 
cists is the identification and description of impor- 
tant forces which act on the parts of bodies at rest, 
such as buildings, dams, bridges, cranes, jacks, ca- 
bles, and pressure vessels. Bodies like these, which 
essentially maintain their dimensions under force 
application, arc idealized as rigid. 

Force as a vector. Force is a push or pull which 
matter exerts on other matter. Force has magnitude 
and space direction. Also, a force applied to a 
body acts at a certain point of the body, and along 
a certain line. 

An arrow is used both to symbolize a force act- 
ing on a body and to represent, graphically, its 
properties of magnitude and direction. Figure 1 
illustrates the symbolic usage. A push force, of 
magnitude 10 Ib, acts along arrow P, and is ap- 
plied at the point A on block C. Acting at B is 
50-lb pull force Q. 
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Fig. 2. Directed line AB is a vector quantity. 


In Fijj;. 2, tlu* di reeled arrow al(»ng lin(! A/f 
nra|»liicallv represents any foree wfiose line of ac> 
lion is parallel to the arrow, whose sense of exer- 
tion is from A t<i /i, and whose magnitude is the 
haifiith ^//, measured in speeifieil units. An arrow 
so construeled is ealled a vector; it is desif^nated 
P and, represent in^^ a foree. it is ealled a force 
\ee|or. 

pAlernal efTeets on a riyid body due to an irn- 
fiosed force may be a change in its motion .state, 
a change in otiier forces acting cm it, or genera- 
tion of new forces. Theorems whicfi pertain to 
these efT«‘( Is are as follows: 

1. riie principle of transmissibililv of a force 
states that the external effects on a rigid bodv are 
the. same for any position of the application point 
along the line of an imposed force. In Fig. the 
external effects on rigid l)ody C due to push fon-e 
P acting at point A are the same as the effects 
caused by an ecpial pull for(!e P applied at 

2. Tlie principle of superposition states that the 
external effects on a rigid body are unchanged by 
imposing, in pairs, collinear forces of equal jnag- 
nitude and opposite sense. In Fig. 3. the external 
<‘ffe< ts on rigid body D are unaltered by applying 
eith(‘r the pair Q, Q of collinear and equal push 
forces, or the pair R, R of collinear and equal 
tmll forces. 

The forces acting on a body in equilibrium are 
related. Their dependence i.s commonly expre.s.sed 
hi terms of the components and moments of the 
forces. 

Components of a force. Figure 2 shows the con- 
•^fruction hy which orthogonal force components 

i^re defined. In the figure, P or AB is a force vec- 
tor and L a directed line whose positive sense, ar- 
bitrarily chosen, is toward its labeled end. Con- 


struction lines AC and BD are in planes (not 
shown) normal to L, and 6 is the direction angle 

of P relative to L; it i.s a plane angle between the 

directions in the positive sense.s of P and L; fur- 
ther, 0^0:=^ 180°. 

The orthogonal vector ('omporient of force P on 

directed line L is a force of direction and magni- 
— > ' — > 

tilde given by Pt. or CD, where Pj, is in the direc- 
tion of L. Its magnitude is 

^ a) = ^|eos o\ = P|cos e\ 

The c)rthogor)al scalar component of P, on L, is 
Pi, = P cos 0, where Pi, is positive if 0° — 90° 

and negative, if 90^^ ^ 180°. The absolute 

magniliide of Pi, is designated |P/,|. 

The rectangular components of a force are its 
components on mutually perpendicular lines. 

In Fig. 4 Px or OA, Py or OB^ and Pz or OC are 

— ^ — -♦ 

the leclangulur vector components of P oi OD in 
the directioii-s of lines (axe*-) /V, and Z, respec- 
tively. 

The coriesi)onding scalar components are /^\ = 
P cos Ox, l\ == P cos 0\ , and Pz = P cos fh/,. 

From the geometry of P'ig. 4 

P r. fV/^7T7vT7V' 

Or = arccos (/^. /P) 

Oi, - arccos (P,, /P) 

0,^ = aiceos I P:- /P ) 

Moment of a force. The moment of a force about 
a directed line is a signed number whose value 



Fig. 3. Illustrations of two theorems of statics. 
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Fig. 4. Rectangular components of o force vector. 
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Fig. 5. Moments of forces about a line. 



Fig. 6. Moments about an axis in rectangular coor- 
dinotes. 

can be obtained by applying these two rules: 

1. The moment of a force about a line parallel 
to the force is zero. In Fig. 5 forces S and R, par- 
allel to line L, have zero moments about L. 

2. The moment of a force about a line normal 
lo a plane containing the force is the product of 
the magnitude of the force and the least distance 
from the line to the line of the force. Convention- 
ally, the moment is positive if the force points 
counterclockwise about the line as viewed from 
the positive end of the line. The moment of P 
about line L in Fig. 5 is Ml = +|P|p, and of Q 
is Ml = -“lOk- 

The moment of a force about a line through 
which the force passes is zero. For example, in 
Fig. 5 forces T and U have zero moment about L. 

Varignon’s theorem is that the moment of a 
force about a directed line is the algebraic sum of 
the moments of its vector components acting at a 
common point on the line of the force. 

In Fig. 6, the moment of P about the X axis is 
Mjr = Pzb + - Pyc; also, My = 

Pxc — Pza atvd Mz, «■ Pyo— P xb. Point A is on 
the line of P, and the components contain A on 
their lines of action. See C011P1.E; Equilibrium of 
forces: Force; Torque. Tn.s.f.I 


Statics in space 

The study of equilibrium of a system under the ac- 
tion of impressed forces when the system, the 
forces, or both extend in three dimensions (see 
Equilibrium of forces; Statics). The equilib- 
rium conditions are almost the same for the plane 
case and the three-dimensional case; namely, for 
each part of the system separately, (1) the sum of 
forces acting in each direction is zero, and (2) the 
sum of torques about an axis in each direction is 
zero. 

Planar forces are represented by vectors in a 
plane. Force vectors in space can have any direc- 
tion. Torques about a point P, or more specifically, 
about axes through P can also be represented by 
vectors. The torque vector for a force whose vector 
does not pass through P is found as follows. The 
line of action of the force and P together define a 
plane of action in which the torque is found just 
as in plane statics. This gives the length of the 
torque vector. Its direction is the axis perpendicu- 
lar to the plane of action. The effect of independent 
torques about P is given by a resultant vector 
(Fig.l). 

In terms of vectors, the conditions for static 
equilibrium are (for each part of the system) : 

(1) the resultant of all forces must be zero, and 

(2) the resultant of all torques about any point 

must be zero. • 

Figure 2 illustrates cases where the forces in a 
structure miry or may not depend on the relative 
strength of its parts. Case 2a is called statically 
determinate ana case 2b statically indeterminate. 
The terms are actually misnomers, for the forces 
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Fig. 2. Statically determinate and indeterminate struc- 
tures. In (a) the forces in members A and B are inde- 
pendent of their strengths (for small deformations). In 
(b) the relative strength of the added member D will 
determine how much of the load W it supports. 

can be found in both cases. Better terminology 
would be rigidly determinable and indeterminable. 
In rase 2fe, if each member were rigid (infinitely 
'strong), the hirces in each could not be determined. 

Extended bodies have very many interconnec- 
tions and so are statically indeterminate. They may 
be solids or fluids and may behave more like sur- 
faces than volumes, as in the case of soap films or 
stretched membranes. For a discussion of fluids at 
re^r see Bi'oyancy; Hydrostatics. Fc)r a discussion 
of small forces and deformations within a solid, 
Ki.asth ity. 

The equilibrium shapes of .soap films depend on 
tlieir special deformability. There is no resistance 
to bending but a constant resistance to stretching 
in anv direction becatise of surface tension. A film 
lit I ached to a frame tends to assume a shape with 
the smallest area, called a minimal surface. These 
shapes arc interesting both in mathematics and in 
architecture. A .structure of such an equilibrium 
shape held in compression instead of ten.sion would 
he in uniform compression throughout. Certain 
building materials such as prestressed concrete are 
very strong in compression. [b.c.] 

Bibliography: S. Timoshenko and D. H. Young, 
Engineering Mechanics, Statics, 1937. 

Stationary state 

In (piantum mechanics, an energy state for which 
the probability of any observation is independent 
<»f time, that is, stationary. Because stationary 
states endure in time, they conveniently character- 
*ze physical systems. For example, at any instant, 

is customary and u.seful to think that each atom 
in a discharge tube is in one of its stationary states, 
'virh most atoms in the ground state, and the radia- 
tion from the tube a measure of the populations of 
the excited states. 

A stationary state may be bound or unbound; 
bound states are localized, unbound states are not. 
visually, the potential energy of the particles com- 
pns'iivg the system is zero at infinite separation, in 
which event the energies of bound states are nega- 
tive, of unbound states, nonnegative. For instance, 
11^ the physical system consisting of a proton and 
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an electron, the bound states are the negative 
energy states of neutral atomic hydrogen, the un- 
bound states are the state.s of the hydrogen ion 
in which the electron no longer is found mainly in 
the vicinity of the proton. Whether bound or un- 
bound, stationary states are states of definite en- 
ergy; that is, when several atoms are in the same 
stationary state, their measured energies always 
will be equal. This property need not hold for other 
observables; that is, the measured momentum (rel- 
ative to the proton) of an electron in the ground 
state of hydrogen does not always have the same 
value. See Enkrc.y level (quantum mechanics) ; 
Excited state; Ground state; Quantum me- 
chanics; Quantum theory, nonrelativistic. 

Ie.c.I 

Stationary wave 

The boundary conditions within an enclosure are 
sometimes .such that the amplitudes of waves 
traveling in opposite directions add in phase to 
form a third wave, the amplitude of which is sta- 
tionary in time. This third wave is called* a sta- 
tionary wave. There is no intensitv in a stationary 
wave, since no energy is absorbed al the reflec- 
tions, and no net energy flow exists in the wave. For 
the case where net energy flow doe.s exi.st. see 
Standinc wave. 

Stationary waves can exist in one-, two-, or 
three-dimensional systems. The geometry and phy.si- 
cal dimen-sions of the enclosure determine the 
actual stationary wave .system. The .simple.st one- 
dimensional system results from sound waves be- 
ing propagated between, and normal to, two paral- 
lel surfaces. The freqiiein'ies /„ at which stationary 
waves may exist are related to the separation dis- 
tance (/ between the parallel surfaces, and the 
speed of sound c, by the equation /n = nr/2d, 
where n is an integer starting with unity. For exam- 
ple, if two reflecting surfaces are 10 ft apart, the 
lowest frequency at which a stationary wave would 
exist when the speed of .sound is 1120 ft /.sec is 
,S6 cycles per second (cps). Higher frequency sta- 
tionary waves exist at integral multiples of .S6. such 
as 112, 168, and 224 cp.s. 

The frequency at which a stationary wave can 
exist is called a normal frequency of the enclosure. 
The conditions under which the .stationary wave 
can exist are called normal modes or resonance 
conditions of the enclosure. Normal modes exist 
whenever the enclosure geometry permits the in- 
phase addition of oppositely directed waves. It is 
not even necessary that the walls of the enclosure 
be parallel. For example, in a rectangular paral- 
/elepiped, in addition to the three sets of modes 
which exist simply because of the reflections from 
the opposite parallel sides, additional modes exist 
because of waves traveling around the space- in- 
tercepting walls at certain prescribed angles of 
incidence. Al these angles, waves will return upon 
themselves to establish a stationary wave. The fre- 
quencies /n of the normal modes for such an en- 
closure are given by the equation 
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where are integers from zero to infinity, 

and may be chosen independently of each other; 
Ij:* Ifit h are the linear dimensions of the enclosure; 
and c is the speed of the wave. 

Stationary waves ran also exist in nonparallel 
walled enclosures such as cylinders, spheres, and 
ellipsoids. The normal modes are determined from 
the zeros of the solutions to the wave equation in 
each system of coordinates describing the geom- 
etry of the enclosure. These solutions generally in- 
volve transcendental functions, resulting in normal 
modes whose frequencies are not, in general, in- 
tegrally related. Wavk motion. [w.j.g.] 
Bibliography: P. M. Morse, Vibration and 
Sound, 2d ed., 1948. 


Statistical mechanics 

That branch of physics which endeavors to explain 
the matjroscopic properties of a system on the ba- 
sis of the properties of the microscopic constitu- 
ents of the system. Usually the number of constitu- 
ents is very large. All the characteristics of the 
constituents and their interactions are presumed 
known; it is the task of statistical mechanics (of- 
ten called statistical physics ) to deduce from this 
information the behavior of the system as a whole. 

SCOPE OF STATISTICAL MECHANICS 

Elements of statistical mechanical methods are 
present in many widely sct»arated areas in physics. 
For instance, in the (‘lassical B(»ll/mann problem 
one attempts to explain the thermodynamic behav- 
ior of gases on the basis of classical mechanics ap- 
plied to the system of molecules (.see Boltzmann 
statistics). Historicallv this was the first system- 
atic investigation of a statistical problem, and 
many of the procedures and methods originate from 
this inve.stigation. It is important to realize that 
statistical mechanics gives more than just an ex- 
planation of already known phenomena. By using 
statistical methods, it often becomes possible to ob- 
tain expressions for emtiirically observed parame- 
ters, such as viscosity coefficients, heat conduction 
coefficients, and virial coefficients, in terms of the 
forces between molecules (.vcc Intkkmolkcui.ar 
forces; Kinetic theory of matter). This kind of 
result, a direct redation between an observed macro- 
scopic entity and an intermolecular potential, con- 
stitutes one of the main achievements of .statistical 
physics. 

Statistical con.siderations also play a significant 
role in the description of the electric and mag- 
netic properties of materials. In this ca.se one would 
hope to deduce such characteristics as the dielec- 
tric constant, electrical conductivity, and magnetic 
permeability from the known properties of the 
atom. In this connection one should observe that 
Maxwell’s equations are macroscopic equations, 
for matter in the bulk. To obtain the Maxwell equa- 
tions from the Lorentz (electron) equations is typ- 
ically a statistical question; new information which 


can be obtained from this approach is, for exam- 
ple, the temperature dependence of the dielectric 
constant. 

If the problem of molecular .structure is attacked 
by statistical methods, the contrihution.s of inter- 
nal rotation and vibration to thermodynamic prop- 
erties, .such as heat capacity and entropy, can be 
calculated for models of various propo.sed struc- 
tures. Comparison with the known properties often 
perinil.s the selection of the correct structure. The 
statistical description of the activated complex in 
reaction mechanisms has enabled chemists to for- 
mulate a theory of absolute reaction rates. 

Perhaps the most dramatic examples of phenom- 
ena requiring statistical treatment are the coopera- 
tive phenomena or phase transitions. In these 
processes, such as the condensation of a gas, the 
transition from a paramagnetic to a ferromagnetic 
state, or the change from one crystallographic form 
to another, a sudden and marked change of the 
whole system takes place. The appropriate de- 
scription of such processes is one of the most dif- 
ficult but most interesting problems of statistical 
physics. 

Stati.stical considerations of quite a different 
kind occur in the discussion of problems such as 
the diffusion of neutrons thnmgh matter. In this 
case, one knows the probability of the various 
events which affect the neutron, such as the^'ap- 
ture probability and scattering cross section. The 
problem here is to describe the physical situation 
after a large number of these individual events. 
The procedurifs used in the soluti«)n of tln^se prob- 
lems are vcr\ similar to- -and in some? instances 
taken over from - kinetic considerations. Similar 
problems occur in the theory of cosmic-ray show- 
ers. Here the probabilities of the basic processe.s - 
pair production, annihilation, ionization, meson 
pniduction — -are all presumed known. The major 
la.sk is the computation of the combined effect of 
a large number of these individual events. Special 
techni({iies of statistical physics, the use of distri- 
bution functions and Iran.sport-type equations, 
find extensive applications in these area.s. Sec 
Boltzmann tran.scoht equation. 

It happens in both low-energy and high-energy 
nuclear physics that a con.siderable amount of en- 
ergy is suddenly liberated. An incident particle 
may be captured by a nucleus, or a high energy 
proton may collide with another proton. In either 
ca.se there is a large number of ways (a large 
number of degrees of freedom) in which this en- 
ergy may be utilized. In the nuclear case there are 
usually many decay and excitation modes; in the 
case of the proton-proton colli.sion, there is enough 
energy available for the creation of a number of 
mesons. To survey the resulting processes one can 
again invoke statistical considerations. The statisti- 
cal problem here is to calculate the probability 
that, given a total amount of energy, a particular 
process will occur. Of course the stati.stical method 
cannot help in the investigation of the actual 
mechanisms of these processes. However, the sta- 
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tiotical factors must be considered in the interpre- 
lation of experiments. See Scattering experi- 
ments, NUCLEAR. 

Of considerable importance in statistical physics 
are the random processes, also called stochastic 
processes or sometimes fluctuation phenomena. 
The Brownian motion, the motion of a particle mov- 
inj 5 in an irregular manner under the influence of 
molecular bombardment, affords a typical exam- 
ple (.see Brownian movement; Stochastic proc- 
ess). The process may be described in terms of a 
fluctuating force acting on a particle, perhaps in 
addition to a systematic force. The interest in this 
problem centers around a calculation of the posi- 
tion and velocity of a particle after it has experi- 
enced many ('ollisions or after the fluctuating force 
acted for a long time. The stochastic proc- 
esses are in a sense intermediate between purely 
statistical processes, where the existence of fluctua- 
liouh may safeh be neglected, and the purely 
atomistic t)henomena, where each i)article re- 
quires its individual description. All statistical con- 
siderations involve, directly or indiieclly, ideas 
from the theory of probability, of widely different 
levels of sophistication. The use of probability no- 
tions is. in fa(‘t. the distinguishing feature of all 
'-iali‘-ti(‘al considerations. Sre Pkobabii.ity ; Prob- 
vmiJTY tN physics: Statistics. 

METHODS OF STATISTICAL MECHANICS 

Phase space. Consider a system of N particles, 
(lu ll of mass m, contained in a volume V, Call 

the positions of the particles X\, yi, Zi 

r\. vv, 2 v, their cartesian velocities Vr^ 

and their momenta p^^. , Pz,^. The simplest 

statistical description concemtrates on a discussion 
ol the distribution function f (x,y,z;v,,v,f,v^;t) , 
The quantity f (x,y,z;Vr 3 Vy,v^ ;t) (dxdydzdvjdvMdVi) 
gives the (probable) number of particles of the 
■^vsiein in those positional and velocity ranges 
where x lies between x and x -\r dx; Vj between Vj 
and Vj + dvj, etc. These ranges are finite. The 6- 
dirnensional space defined by x, y, z, Vr, is 

called the p space and the behavior of the gas is 
represented geometrically by the motion of 
points in the p space. It was shown by L. Boltz- 
mann that in the course of time / approaches an 
equilibrium distribution /“: ^ 

/“ ( x,v ) d^xd'^v 

= A exp [— (K>)j8mv-' — /if/(x,y,2)] d'xd'v (1) 

Here d’^x = dxdydz, A and P are parameters, and 
f (-t,r, 2 ) is the potential energy at the point x, y, z. 
Boltzmann also could interpret Eq. (1) as the most 
probable distribution. 

Actually, important as the use of the distribution 
function is in practice, there are in principle seri- 
uus limitations and difficulties associated with it. 
The limitations refer to the fact that the descrip- 
tion by means of a single distribution function is 
correct only for noninteracting particles; also, the 
neglect of triple and higher collisions restricts the 
^applicability to very dilute systems. The indis- 


criminate use of the ideas of Boltzmann leads to 
paradoxical results. 

In the further study of these questions, the phase 
space of a dynamical system plays an important 
role. Consider the 6A^-dimensionaI euclidean space, 
whose 6N axes are 

xi, yi, zi, . . . , xn 3 ys3 zn; Pr,, ...» Pzif (2) 

The state of the system at a given time is com- 
pletely specified by these 6N numbers. These num- 
bers define a point (the representative point, or 
phase point) in the 6A^-dimensional phase space. 
In the course of time the variables :i:i, . . . , 
change, hence the phase point moves. If the sys- 
tem is conservative, Eq. (3) defines, for the en- 
ergy a (6A^ ~ l)-dimensional surface in the 
phase space called the energy surface. 

zk)^E (3) 

t 2m t 

For a conservative system, the phase point in the 
course of time wanders over the energy surface. 
Intuitive as this geometrical representation of an 
involved mechanical system might seem, it is well 
to keep in mind that the actual trajectory of the 
phase point is extremely complicated. Also, the 
use of the phase space does not by itself imply any 
statistical considerations. A knowledge of the tra- 
jectory is precisely equivalent to a solution of the 
complete mechanical problem, for one would know 
each p and x as a function of time. It should be 
clear, however, that many different microscopic 
states all correspond to the same macroscopic sit- 
uation. 

Observations made on a system always require a 
finite lime; during this lime the microscopic details 
of the system will generally change considerably 

the phase point moves. The result of a measure- 
ment of a quantity Q will therefore yield the time 
average : 

(4) 

The integfal is along the trajectory in phase 
space; Q depends on the variables x\, , . . , p^^. 
and t. To evaluate the integral one must know the 
trajectory, which, as already mentioned, requires 
the solution of the complete mechanical problem. 

For many years one of the major problems in 
statistical mechanics was precisely to recast the ex- 
pression for. a time average in a more tractable 
form. Generally one attempted to replace time av- 
erages by phase space averages, by trying to .show 
that the time spent in a region was proportional 
to the size of the region. The legitimacy of this 
procedure was studied extensively by mathemati- 
cians, but although these studies opened up signifi- ‘ 
cant areas in mathematics, they did not really 
help in the elucidation of problems of physical in- 
terest. 

To illustrate the subtlety of the problems in- 
volved, attention may be called to the so-called 
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ergodic theorem of G. D. Birkhoif, which asserts 
that the limit lim Qt exists for almost all trajec- 

/ --» a» 

torieSf although this limit varies discontinuously 
from trajectory to trajectory. The Poincare recur- 
rence theorem, which states that a system within 
a finite time will return as closely as one pleases 
to its initial state, is of special interest in statis- 
tical mechanics. Apart from providing the mathe- 
matical framework for these theorems, the phase 
space provides also the appropriate framework for 
the formulation of ensemble theory, which is the 
basis of modern statistical mechanics. 

Ensembles; Liouville’s theorem. J. Willard 
Gibbs first suggested that instead of calculating a 
time average for a single dynamical system, one 
should instead consider a collection of systems, all 
similar to the original one. Such an ensemble of 
systems is to be constructed in harmony with the 
available knowledge of the single system, and may 
be represented by an assembly of points in the 
phase space, each point representing a single sys- 
tem. If, for example, one knows the energy of a 
system precisely, but nothing else, the a[)propriate 
representative example would be a uniform distri- 
bution of ensemble points over the emergy surface, 
and no ensemble points elsewhere. An ensemble is 
characterized l)y a density function p(jci, . . . ,zv; 

Pjci ) ^ p(x,p,t). The significance of 

this funclion is that the number of ensemble sys- 
tems (INf contained in the volume element 
dx] • • • dzs ; dp, ‘ ‘ • dp^y. of the phase space 
(this volume element will be called dV), at lime / is 

p{x,p,t) dr = dN, (5) 

The cnseinble average of any quantity Q is given by 

The basic idea is now to replace the time average 
of an individual system by the ensemble average, 
at a fixed lime, of the representative ensemble. 
Stated formally, one identifies Qt defined by Eq. 
(4) in which no statistics is involved, with de- 
fined by Eq. (6), in which probability assumptions 
are explicitly made. Another form of this same 
connection between the behavior of the individual 
system and the ensemble is that the probability 
that the individual system at time t will be in a 
region R of the phase space is given by the fraction 
of ensemble systems contained in R at time t: 

P(R,i) = ^ ( 7 ) 

/p dr 

It is clear, on the basis of these relations, that 
the complete statistical behavior of a system is 
known once its representative ensemble has been 
obtained. In the construction of such ensembles, 
one always assumes that accessible parts of the 
phase .space should be weighted equally. There is 
one other general requirement the density function 
must satisfy. Inasmuch as the number of ensemble 


members remains constant (no ensemble members 
are created or destroyed in the course of time), 
there is a continuity equation for the density func- 
tion p which simply states that the change in the 
number of systems in a volume of phase space per 
unit time equals the difference of the number of 
systems flowing in and flowing out of that volume 



If one now expresses the time derivatives dxi /dt 
and </p, /dt through the Hamiltonian equations {see 
Hamilton’s equations of motion ), one obtains 


dt t=i \dxt dt dt ) dt 


( 9 ) 


Here dp/dt is the substantial, or total derival ivc. 
Equation (9), culled the Liouville theorem, asserts 
that the time rale of change of p is zero along a 
streamline in phase space. One can also deduce 
from Eq. (9) that the ensemble systems move in 
the course of lime in a volume-preserving fashion 
through the phase space. This means that if a! 
some initial lime one considers a set of ensemble 
points which o<Tupy a volume En, then in the course 
of time each represemtalive iioint will move in a 
complicated fashion. At lime / one (!an consider the 
volume made up by the ensemble points whicli^ini- 
tially were in Eo. This volume equals Eo. The 
shape of the volume changes, hut the actual volume 
is constant. In the attempts which have been made 
to justify the y^>stulate that Qt = this volume- 

preserving property plays a dominant role. The 
jiroof (»f the Poincare recurrence theorem also de- 
pends crucially on this property. Yet in spite of 
the general significance of the Liouville theorem, 
E(|. (9) generally does not help in the task of set- 
ting up an appropriate representative ensemble. 
(See. however, the subsequent dis(*ussion on non- 
equilibrium theory of liquids.) The choice of the 
ensemble is usually determined by physical consid- 
erations and by the already mentioned postulate 
of equal a priori probabilities in phase space. Per- 
haps most important is the a posteriori justification 
of the statistical procedures, obtained through a 
comparison with the experimental facts. It is im- 
portant that inasmuch as the methods are statisti- 
cal, one can compute not only average values but 
also fluctuations around these average values. It 
turns out that usually these fluctuations are ex- 
tremely small; however in those instances in which 
they are appreciable, they can be compared with 
experiments, providing additional support for the 
statistical procedures. Hence despite the fact that 
no completely rigorous mathematical justification 
of the ensemble methods exists, these methods are 
physically so plausible and lead to such remarka- 
ble agreement with experiments for a variety of 
systems that they reasonably must he considered as 
a well-established part of statistical physics. 

Relation to thermodynamics. It is certainly 
reasonable to assume that the appropriate, ensem- 
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l)le for a thermodynamic equilibrium state must be 
described by a density function which is independ- 
ent of the time, since all the macroscopic averages 
which are to be computed as ensemble averages 
are time-independent. Thus one has an equilib- 
rium ensemble when dp/dt = 0. In that case it fol- 
lows from Liouville’s theorem that 


\dxidt ^ dpidt ) 


( 10 ) 


li is easy to see that if p is a function of a quan- 
tify A (which is a function of x and p and which 
is a coOvStant of the motion, such as the energy, so 
that da/dt = 0), then any p(a) satisfies Eq. (10). 
Hence any density function p which is a function of 
A and p through the dependence of the energy E on 
p and K satisfies the Liouville equation. The func- 
tional form of p(E) is left completely unspecified. 
If cuie d(*als with an isolated system, where the 
energy is specified within a well-defined range, the 
nio-'t obvious example to use would be the so-called 
niicrocanonical ensemble defined by 


p(p,x) == c 


fll«) 


where r is a constant, for the energy K between Eu 
and | A/'.’; for other energies 

p(/vr) - 0 (lift) 

H\ using E(|. (0), one may calculate any micro- 
lanonical average. 'Phe calculations, which involve 
uilcgralions over v(>liirri(*s bounded l)v two energy 
'■111 laces, are not trivial. Still, one may obtain in 
till' wav many of the results of classical Boltzmann 
'Statistics. 

I' or afiplications and for the interpretation of 
llict incidvnarnics, the canonical ensemble is muclt 
iiioif* prefi'rable. In this case one describes a sys- 
icm which is not isolated but which is in thermal 
contact with a heat reservoir. By describing the 
cornpleit; system (system plus reservoir) by a rni- 
' nu anonical ensemble it may be shown that the 
"Vstein itself may be represented by 

(, 2 , 

Here :Y, is the total number of ensemble systems, 
' is the ineehanical energy of the sy.stem, and 
V and 0 are parameters independent of x and p 
‘ haraclerizing the canonical ensemble. From the 
bu t that 


fpix^p) dr * (12n) 

one deduces that the two parameters tp and 0 are 
not independent, but that 


/ dr exp [--^] 


(13) 


quantity Z is usually called the partition func- 
customary to define Z for a system of 
Identical particles with a different multiplicative 
constant 


(i«) 

where h is the Planck constant. It is now very im- 
portant that the parameters 0 and ^ be identified 
with definite thermodynamic functions. In this con- 
nection, consider .some of the thermodynamic rela- 
tions. Call the entropy 77, the thermodynamic en- 
ergy (internal energy) c, and the free energy 
(Holmholtz free energy) Then some examples 
of thermodynamic relations are, for gases, de- 
scribed by pressure, volume, and temperature 
iP, V. T) 


1 

II 

(15a) 

#'= -ridT- PdV 

(15i) 

il 

1 

It 

1 

"0 

(15c) 

« - T{dyP'/dT) 

(15rf) 


(See Thermodynamic principi es. ) From . Eqs. 
(12), (6), and (13) one may calculate the average 
energy E: 


(16) 

For an ideal gas, in which the energy of a mole- 
cule is p,“/ 2 ai, 

Z=;. . -idx, . . . '/P*vexp(---bgp.*) 

(The evaluation of the integrals is elementary; the 
space integrations merely contribute and the 
moTnentiim integrals are Gaussian.) One then ob- 
tains 


E^ 



(IB) 


as the energy of an ideal gas, having Y molecules 
in a vessel of any volume V. Now one knows by ex- 
periment that \hv. thermodynamic energy of I mole 
of an ideal gas is 

€ = HRT (I8a) 

Here R is the ideal gas constant, T is the absolute 
temperature, N is Avogadro’s number, and k is the 
Boltzmann constant. Comparison of Eqs. (18) and 
(18fl) leads to the identification of S « kT. It is 
also easy to deduce the Maxwell-Boltzmann distri- 
blition. Applying Eq. (7), one finds for the prob- 
ability that molecule 1 will have a given range of 
positions and momenta 

P(pi,xi) dpi <Pxi 

/ • • • / d^i tPxi • • • tPpif 
f ■ • ■ f • • • d*ps e“*'* 

- p d Pi tPxi ( 19 ) 
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The canceled symbols in the numerator mean that 
one does not integrate over the coordinates and mo- 
menta of the molecule 1. The result given by Eq. 
(19) is again true for an ideal gas. The identifica- 
tion of <9 ■= /cT, however, is made in general. By 
differentiating Eq. (13) with respect to 9. one may 
establish the general connection (using 9 = kT) 

[by Eq. (18)1 (20) 


When this general relation, deduced from the ca- 
nonical ensemble, is com])ared with the general 
thermodynamic relation flfirf). one sees indeed 
that the parameter ip and the free energy ip' play 
identical roles. Again, for an ideal gas one can 
compute and it is the same as the ideal gas free 
energy. Hence one identifies \p and \p' in general. 
Equation (13) relates the thermodynamic free en- 
ergy to an integral containing the mechanics of the 
microscopic problem. It is still interesting to ob- 
serve that a quantity 


Jp log P 
Sprir 


( 21 ) 


plays in all instances the role of the entrof)y. In 
fact, one may show that 0 = t — Tyj\ in har- 
mony with (LStt). One (’an bdlow these thermody- 
namic analogies through in all detail to see that the 
canonical ensemhle combined wdth the relevant 
definitions does indeed reproduce the formal as- 
pects of thermodynamics. The average eni’rgy E for 
a canonical ensemble has already been calculated. 
It is important to know just how often appreciable 
deviations from this average energy can be ex- 
pei'U^d. For this. (»ne needs to calculate the frac- 
tional fluctuations in energy given by 

^-JEy 

The definition of E- follows again from E(f. (6): 


Even though the energy fluctuations are negligible 
for an ideal gas, this is not always so for other 
systems. For solids at low temperatures, the fluc- 
tuations may be appreciable. When phase transi- 
tions (of the first order) take place, Cr becomes 
infinite, indicating via Eq. (24) that the fluctua- 
tions becfune very large. It is clear that the main 
problem of the applications is reduced to the cal- 
dilation of the partition function Z; all thermody- 
namic entities follow from Eqs. (16) and (13). 

There is yet another ensemble which is extremely 
useful and which is particularly suitable for quan- 
tum mechanical appli(iations. Much work in statis- 
tical mechanics is now based on the use of this 
so-called grand-<’anonical ensemble. In the grand 
ensemble one has a collecti(Hi of systems; the num- 
ber of particles in each .system is no longer the 
same, hut varies from system to system. The density- 
function p(N,p,x) dPv gives the probability that 
there will be in the ensemble a system having i\ 
particles, and that this system, in its 6iV-dimen 
sional phase space r.v, will be in the region of 
phase space dV\. The function p is given by 

pil\.p.x) = exp ^ \ (2.)) 

Here 0, Q, and p. are the parameters characteriz- 
ing the ensemble, just as ip and 9 characterize tin* 
canonical ensemble. It is again true that these pa- 
rameters are directly related to tluTmodynarnir 
state functions. The detailed argument follows thr 
identical patten indicated in the discussion of tlu^ 
canonical ensemhle. The normalization condition 
is now 

Z r rfrv p(,V,/;,.t) 

N J 

+ (2,,, 

The grand canonii al average of anv quantity Q 




/FV dV 


(22) 


From E^q. (22) one may directly express E- in 
terms of Z. the partition function. For an ideal gas 
one can then obtain, using Flq. (17), an explicit 
expression for the fluctuations in energy: 


V (E)2 ) \3/V 


(23) 


Since one deals wdth systems where the number of 
particles N is about 10““, the chance of (d)serving 
a sizable deviation from the average energy is ex- 
tremely .small. Using these same methods, defining 
in addition the specific heat T,- = 9E '^T, one may 
show generally that the fractional fluctuation in en- 
ergy is given by 


g2,^(£)2y/2 yfcP^vl/2 

(E)^ ) (E)^ ) 


(24) 


(>Kr = Z f '/r.v p(.\\p,x)QN{f>,x) (27) 

and the grand partition function is 

z„ = Z (ITn (2«) 

AT 

Again one customarily uses for a system consist- 
ing of N identical particles 

(28..) 

From Eq. (26) one sees immediately that 

(29) 

From Q. sometimes (’ailed the grand potential, all 
other thermodynamic functions may be computed. 
The parameter p is the chemical potential. It is de- 
fined by /X = where ^ is the Gibbs free 



energy or thermodynamic potential; i = \l/ + PV, 
Formally, these results are 




From a knowledge of I he grand partition function 
a> a function of F, T, and /i., all thennodynami<‘ 
fimt’tions follow. For an ideal gas, for example, 
F(|. (28a) in conjunction with Eq. (17) yields 


Zgr 


Y -- I yN^^Nie 

j[.) 


(31) 


Here A is the thermal de Broglie wavelength: 

h 

^ \^2Tr mkT 

From Kqs. (ill) and (29) one sees that 


(31a) 


(:i2) 


\l»pliealion «»f Ecj. (30) yields the usual results for 
ideal gases, such as PV = NkT : however, the 
^larid average of M enters the relations now. rather 
tlian just A^ From the definitions (27) and (28a) 
Mile niav show that the fractional fluctuation in the 
ruiinhei \ is given by 


/;W- ^ .J.. 

V ) v/,\. 


(;«) 


for gases, the fluctuations in numher are neg- 
ligibly small, showing that the number of particles 
in I he grand-canonical ensemble is sharply peaked 
around the average value. One therefore expects 
that the physical results deduced from the <*anoni- 
‘•al and grand-canonical ensemble will be the 
same; the calculations, however, are frequently 
• especially in quantum problems) simpler in the 
grand-canonical than in the canonical scheme. - ' 

Applications. Two of the newest and most iin- 
r>ortant applications of statistical physics involve 
the theory of nonideal gases and the theory of non- 
equilibrium states of dense gases and liquids. 

Theory of nonideal ^ases. The importance of re- 
lations such as Eq. (13), which connects the ther- 
modynamic free energy to the partition function, 
lies in the general validity of these connections. 
Specifically, when dealing with a gas of interact- 
ing molecules, where the energy is given by 
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with the potential U a known function, the relation 
is still valid. In that case, one may obtain the par- 
tition function directly in terms of U, by perform- 
ing the integrations over the momenta : 

* ;V! X®^ / ' ' ’ / ^ 

(34) 

Since from Zv all thermodynamic relations follow, 
Eq. (34) is the appropriate starting point for all 
studies of nonideal gases. The canonical ensemble 
has been used in obtaining Z\, which depends on 
y through the integration limits, on T through A 
( see 31a ) . and on N through the number of integra- 
tions. Since Z\ gives the free energy immediately, 
one can get the equation of state (the relation be- 
tween P, F, and T). by computing P = —dip/dV. 
The experimental results on the equations of state 
may be expressed in terms of the so-called virial 
expansion : 



B(T) cm 

I r ■■ -y - + 


4- • • 


(35) 


Here BiT) and C{T) are the second and third 
virial coefficients; they are determined experimen- 
tally. It is clear that (35) is a development start- 
ing from th«* ideal gas e(|uation. A first task for 
statisiii-al mechanics would be to deduce the form 
(35), as well as an explicit expression for B(T)^ 
etc. 


L.I oxp r - - r(l,2, m 

Assume n<»w that the potential U(x\^ . . . ,zv) is 
sMch that it is possible to make an unambiguous 
distinctiim between interacting and noninteract- 
ing particles. Any potential which vanishes for a 
separation larger than a criti<'al amount has this 
properly, and any short-range potential approxi- 
mates it. Call a separated configuration one in 
which none of the molecules of one group interacts 
with any of another. If two such groups are called 
a and one has. for such a configuration, 

U = U(a) + UiP) (36a) 

hence, by ( 36 ) , 


r = W(a)m0) (36ft) 

Consider n*)w a set of functions S defined by 


r(i) « S(i) = 1 
r(l,2) = S(l,2) + S(1)S(2) 
r(l,2,3) = S(l,2,3) 4 S(l)S(2,3) -f .S(2)S(l,.3) 

4 S(3)S(l,2) + 5(1)S(2)5(3) (36c) 

W(l .V) - Sa /V) 

+ S(1)S(2 /V) 4 • • • 

4 S(1,2)S(3 /V) -f • ■ 4 S(l) • • . S(/V) 

From Eqs. (36ft) and (36r), one now proves the 
important property: S functions vanish for a sepa- 
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rated configuration. For instance S(l,2, 
is zerot unless the molecules 2, . . . , / form a 
nonseparated configuration. This is an important 
property, for it allows the integration of the S 
functions in a simple fashion. Consider 

/ . . . fJPxi • • • d^XiS(l, (37) 

Imagine that molecule 1 is fixed somewhere in the 
middle of the vessel. Since the 5 functions vanish 
for a separated configuration, the / molecules must 
all be quite near to molecule 1. Roughly speaking, 
if a is the range of the molecular forces, the inte- 
gral (37) will get contributions only from a range 
of about la around molecule 1. If la is smaller than 
the first / — 1 integrations will be independ- 
ent of V. The last integrations over the coordi- 
nates of 1 will just contribute F, for molecule 1 
can be placed anywhere in V, (Wall effects are ig- 
nored.) 

Thus 

/ . • • • dziS(\ /) - Vl\bi(T) 

(37a) 

The /.' is a normalization factor and 6/ is independ- 
ent of V, The bi are called cluster integrals. Using 
Eqs. (34), (36), (36c), and (37a), one may obtain 
the pressure in terms of the cluster integrals 

^(l -^ + 4(W-2A^63 )j^+ • • •) 

One therefore has succeeded in deducing the ex- 
perimental form of the virial development, while 
the cluster integrals are related to the experimen- 
tal virial coefficients by 

B{T) - (39a) 

C(T) « ISPW - 263 ) (39fc) 

Using (37a) for / = 2 gives a direct relation be- 
tween B and the intermoleciilar force potential 
U(r): 

B{T) - 2tN r* dr(l - (39c) 

This is a “perfect’’ statistical formula. In the case 
of helium, where both U{r) and B are known, Eq. 
(39c) may in fact be checked. (At low tempera- 
tures, quantum effects, not included in Eq. (39c), 
begin to play an important role. ) 

One can obtain the complete equation of state 
using a similar procedure. The result comes out in 
an implicit form: 


k-nbi2‘ 

(40a) 

AT 

(-1 

(406) 


the system of equations (40) actually predicts a 
condensation phenomenon. It is well known that 
every real gas at a low enough temperature will 
condense when the volume is decreased. During the 
condensation process the pressure remains con- 
stant, the onset of condensation being marked by 
a discontinuity in the slope of the isotherm. The 
problem is now whether this information can be 
obtained from Eqs. (40). An interesting clue was 
obtained by Mayer. He showed that for low enough 
temperatures, bi{T) ^constant X Substitut- 

ing in Eq. (406), one obtains 

“ “ 53 /(constant) ( 602 )^ (41) 

y £-1 

Since the last power in the series is s 10‘^^, one 
sees that the series given by Eq. (41) is radically 
different for b^z < 1 and 6 ()Z > 1 . If 6 oz > 1, 
{boz) ^ is a very large nuniiber and a change in N/V 
will cause a very slight change in z, hence a very 
slight change in P by Eq. (40a). Hence 602 » 1 
separates two ranges: if 602 < 1, changes in N/V 
cause reasonable changes in P; if boz > 1 , P be- 
comes quite insensitive to changes in N/V. This 
qualitative idea has been refined in many ways, by 
rigorously studying the limit 

lim 


These studies have clarified some aspects of the sit- 
uation, but even so the problem is still ncj^ com- 
pletely settled. 

Nonequilibrium theory of liquids. It was ob- 
served in the earlier discussion of Liouville’s the- 
orem that tjie Liouville equation usually does not 
help in the setting up of an appropriate ensemble. 
Yet the Liouville equation has become the starting 
point for an important development aimed at an 
understanding of the nonequilibrium states of 
dense gases and liquids. This development starts 
from the Liouville equation 


^ 4 . y ^ 4 . ^ « 0 

dt i^i\dxidt dpidt ) 


(42) 


The interpretation that p(:ri, , . . (ZT is the 

probability of finding the molecules of the system 
in their prescribed momentum and position ranges 
may now be used. Define a set of probability func- 
tions (or distribution functions) by 


/i(xi,Pi,0 - / • • • !dJ(Pfd(2) • • • dN p(x,p,t) 

(43a) 


//(xi, . . . ,pi;^) - / • . . • • • 

imd{l+\) d{N)p{x,p4) (436) 


These equations are due to J. E. Mayer. In princi- 
ple, one can eliminate the auxiliary variable 2 be- 
tween Eqs. (40a) and (406) to obtain a relation 
between P, F, and T. To have a useful relation one 
must, of course, know the general character of the 
cluster integrals which, except for special molecu- 
lar models, is not known. A question which has con- 
cerned physicists for some time is whether or not 


One observes that / is (apart from constants) the 
Boltzmann distribution function. The canceled 
symbol d{l) means that one is not to integrate over 
Xu yu 2 i, Pjtu Puu Pz\- The higher distribution func- 
tions become important for dense systems. Assume 
that the potential energy of the system consists of 
an external potential Fq, and a potential U which 
is additive. Then by integrating Eq. (42) over all 



coordinates except those of molecule 1, one obtains 
an equation for /; 

St a^l dXa ^Pa 

■ /j (44) 
a OXa ^Pa 

The equation for fi involves /m, etc. 

The discussion of this hierarchy forms the basis 
of the study of the nonequilibrium phenomena in 
dense gases. The basic difficulty is that the equa- 
tions for fi always involve a function fui. To ob- 
tain an equation for a single fi function, one needs 
to make a guess or assumption about the way in 
which a higher / function can be expressed in terms 
of lower ones, if indeed this can be done at all. A 
frequently discussed possibility is the so-called 
superposition approximation, which states that in 
some approximate sense 

h ( Pi ^1 ,P2X2 ) se /i ( pix^ ) ( P 2 X 2 ) ( 45 ) 

An appeal to probabilities of independent events 
would make Eq. (45) appear reasonably plausible. 
It should be stressed, however, that nowhere does 
one prove that the approximation of Eq. (45) is 
indeed consistent with the system of Eq. (44). The 
use of Eq. (45) in Eq. (44) will lead to (non- 
linear) integral equations. In spite of the consid- 
erable amount of work done with these equations, 
the results still have not led to great advances in 
the theory of dense gases. It is of interest to point 
out, however, that for additive central poten- 
tials. defined by f/(l, . . . ,A^) * Sl7(r,/), it is 
p(»ssible to express the equation of state in terms of 
the pair distribution function. This function is de- 
fined by 

n2(xi,X2) = N{I\I - 1) 

f ■ ! (H Tf m d{ 3) ■ ■ ■ d{N) ni, . . ,N ) 

/ ■fd(l) • • dl/V) jr(i N) ^ ’ 

Here 1, . . . ,A) is defined by Eq. (36). The 
function gives the positional distribution of 
molecular pairs. As such it is less detailed than / 2 , 
which gives the distribution of pairs both in posi- 
tions and momenta. Apart from combinatorial fac- 
tors, one has 

't 2 (xi,X 2 ) » // d^pi (PpT, / 2 (xipi,X 2 P 2 ) (46a) 

For central additive potentials, it may now be 
shown that fi 2 is in fact a function of the distance 
'“12 between the molecules; n 2 oc g(r), where g{r) 
is defined as giving the number of molecules be- 
tween r and r + dr. 

An analysis similar to the one given in the pre- 
ceding discussion on nonideal gases now leads to 
an equation of state in terms olg(r) alone. 

PV - NkT - J ^(r) ~t»dr (4?) 

The integral equation refe;rred to for the ft func- 
tions (once the superposition approximation is 
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made) may now be expressed as an approximate 
integral equation for g(r). This equation, obtain<ed 
by M. Born, H. S. Green^ and J. Yvon, leads to 
approximations for the virial coefficient, whieh are 
fairly good but not excellent. It is important to re- 
call that the pair distribution function g(r) may be 
obtained directly from experimental x-ray scatter- 
ing data. In principle one could use experimental 
x-ray data to obtain via Eq. (47) data about the 
equation of state. For this to be a feasible proce- 
dure would demand accuracies much beyond the 
present limits, as well as extensive measurements 
over a range of temperatures and densities. Un- 
fortunately, therefore, this is not a possible proce- 
dure at present (1959), although the formal rela- 
tion (47) is generally valid. In a current theory of 
liquid helium, one makes use of the relation be- 
tween the pair distribution function and neutron- 
scattering data (sec Helium, liquid). 

Quantum statistical mechanics. The ensemble 
techniques can also be applied to systems which 
are described in terms of quantum mechanics. 
Consider an ensemble, where each system is de- 
scribed by a Hamiltonian operator H, Let ^“{x^t) 
be a wave function (x stands for Xi, . . . , 
and a characterizes an ensemble member). The 
Schrbdinger equation is 




i 


m 


(see Quantum thf.ory, nonrelativistic). 

If (pn{x) is a complete orthogonal set, 

« 8nm (49) 

the function ip"* may be developed in terms of the 
set {(p) 

* L an'"it)<Pn{x) (50) 


Here |an‘’(0!“ probability that ensemble 

member a, at time t, is in state n. One has, of 
course, the fact that 

i;k-(oi*-i (51) 

n 

Suppose the number of ensemble members is Nf, 
One defines now an ensemble average of a quantity 
G which is defined for each ensemble system by 
C" as 


g-l2(C“) (52) 

It is important to distinguish the ensemble average 
from the ordinary quantum mechanical average, 
which is defined for a single system : 

G-- J(^-)*Cop^« (52a) 

The notation, double bar for ensemble average, sin- 
gle bar for quantum mechanical average, stresses 
the difference. Of special importance in the calcu- 
lation of averages is the density matrix. The matrix 
elements of p, the density matrix, relative td the 
set of functions f are defined by 



66 Statitrics 


Pmn “ Tjr S "■ (53) 

Lit a 

One sees that the sum of the diagonal elements of 
p, called the trace of p, is 

Tr (p) - Z P«n “ ^ L E |a»"l* - 1 (53a) 

n lit a n 

The density matrix p is the counterpart of the 
classical density function. From the Schrodinger 
equation (50) one deduces immediately the analog 
of the Liouville theorem 

ih^«[ri,pU„ (54) 

Here [a,b] =ab — ba is the commutator. Finally 
one obtains the basi(! relation, giving the ensemble 
average of any operator as 

5 = Tr (pC) (55) 

The fact that observable entities, s»ich as ensemble 
averages, come out in the form of a trace, implies 
that the calculated results are independent of the 
set of functions (p. This is true because a change in 
this basic set will induce a similarity transforma- 
tion on both p and C, and the trace operation is 
invariant under such a transformation. 

If one has an ensemble in which all ensemble 
members arc in the identical state (0* is independ- 
ent of a), one has a pure case. If the i/r" do depend 
on nr, one has a statistical mixture. A necessary and 
sufficient condition for a pure case is that p- = p. 

At equilibrium, one has the counterpart of the 
canonical ensemble. Then the density operator, 
see Eq. (12), is written as 

The free energy is again directly related to the par- 
tition function 

Z = ^ qv (e-f"/*^>) (.%A) 

In Eq. (56), where Q is an operator defined by 
the series expansion 

O" 

= L “ (57) 

n n! 

The thermodynamic relations follow as before. 

The construction of an ensemble in quantum me- 
chanics must be performed in harmony with the 
knowledge of the system. If the system is known to 
be in either one of two quantum states, the ensem- 
ble members must be evenly distributed over these 
stales, with, in addition, random phases. It is im- 
portant to include the requirement of random 
phases; if this were not done a uniform stationary 
ensemble would not even remain stationary. 

r M.DR.] 
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Statistics 

The field of knowledge concerned with collecting, 
analyzing, and presenting data. Not only workers 
in the physical, biological, and social sciences, 
but also engineers, business managers, government 
officials, market analysts, and many others regularly 
use statistical methods to greater or lesser degree 
in their work. The methods range from simple 
counting to complex mathematical systems designed 
to extract the maximum amount of information 
from very expensive data. 

In an important sense statistics may be regarded 
as a field of application of probability theory. The 
common problem faceC^ by a physicist reading a 
meter, an engineer testing a material, an agrono- 
mist measuring the yield of a hybrid corn, a chem- 
ist determining the concentration of ascorbic acid, 
and an interviewer studying public opinion is the 
problem of random variation which prevents repe- 
tition of exactly the same result when a measure- 
ment is repeated. Statistical methods are employed 
to assess the magnitude of random variation, to 
minimize it, to balance it out, to remove it by calcu- 
lation procedures, and to analyze it by suitably ar- 
ranged patterns of observation. The theory of prob- 
ability is concerned with the properties of random 
variables and hence furnishes the basis fo#devclop- 
ing techniques for controlling them. See Probabil- 
ity. 

Viewing statistics from another direction, it is 
the .science of deriving information about popula- 
tions by observing only samples of those popula- 
tions. A population is any well-specified collection 
of elements. Thus, one may refer to the population 
of adults in the continental United States viewing 
television screens at 8:14 p.m. on August 6, 1960; 
the population of automobiles less than two years 
old registered in Los Angeles County on a certain 
date; the population of vineyards in France; the 
hypothetical population of outcomes of tossing a 
given coin endlessly. Populations may be finite or 
infinite. An element of a univariate population is 
characterized by the value of a random variable 
which measures some single attribute of interest in 
the population. Thus, one may be interested in 
whether or not individuals of the television audi- 
ence were or were not viewing program A; with 
each individual one may associate a random varia- 
ble, let it be X, which takes on the value of 1 if 
the individual is watching A and 0 if he is not. If 
one were interested in a second characteristic of the 
elements of the television audience (such as age), 
he would be said to be dealing with a bivariate 
population; a third characteristic (such as eco- 
nomic status) would make it a trivariate or, less 
specifically, a multivariate populatipi^* 




Fig. 1. Distribution of incomes. 

Random variables are either continuous, which 
means they can take on any numerical value (the 
length of a room), or discrete, which means they 
can take on only a restricted set of values (number 
of windows in a room) . 

Distributions, [n a univariate population, the 
population distribution is a curve (function of the 
random variable which characterizes the elements 
of the population) from which one can determine 
the proportion of the population which has ele- 
inenls in a certain range of the random variable. 
For example, the curve of Fig. 1 provides the dis- 
tribution of annual incomes of family units in the 
Fniied States in 1954. The total area under the 
curve is 1. The area under the curve between any 
two vertical lines gives the proportion of the fam- 
ilies having annual incomes between the two values 
marked on the horizontal scale by the two vertical 
lines. Thus, the fact that the area under the curve 
l)i*tw<‘fn $2000 and $6000 is 0.541 means that 
54.1% of United States family units had incomes 
ill that range in 1954. 

The distribution is also referred to as the distri- 
bution function, the density function, the frequency 
function, or the probability density. 

The total area under the distribution curve to the 
left of eac'h point can also be plotted to give a curve 
which starts at zero and reaches unity as the varia- 
ble becomes large: the resulting curve is sometimes 
called the cumulative distril)ulion function, the 
probability distribution, or simply the distribution. 
The cumulative form of the curve of Fig. 1 is shown 
in Fig. 2; the height of the curve at any point on 
the horizontal scale equals the area to the left of 
that point under the curve of Fig. 1 and is the 
proportion of the population having incomes less 
than the value at that point. The distribution (in 
either frequency or cumulative form) gives com- 
plete information about the way the charaiUerizing 
variable is spread through the population.* 
Population parameters. Populations (or popula- 
tion distributions) are often specified incompletely 
by certain population parameters. Some of these 
parameters are location parameters or measures 
of central tendency; a second class of important 
parameters consists of measiire.s of dispersion br 
scale parameters. 

The most widely used location parameters are the 
^ean, the median, and the mode. The mean is 
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the average over all the population of the values of 
the random variable. It is often represented by the 
Greek letter fi. In mathematical terms, letting x he 
the random variable, f(x) the frequency function 
for a given population, F{x) its cumulative form, 
then 

M = f xf{x) d* = f X dF{x) 

The median, often designated by Med, Af, or Al.sO) 
is a number such that at most, one-half the values 
of the variable associated with the element.s of the 
population fall above or below it 

f^nx) 

The mode is the most frequent value of the random 
variable; if the frequency function has a unique 
maximum value, the mode is the value of the ran- 
dom variable at which the frequency function 
reaches its maximum. Location parameters are 
numbers near the center of the range ever which 
the random variable of the population varies; dif- 
ferent ones arise from different definitions of cen- 
ter; generally the mean is u.sed unless speeial cir- 
cumstances make some j»lher location parameter 
more appropriate. 

riie extent to which a population is scattered on 
either side of its center is roughly indicated by 
measures of dispersion such as the standard devia- 
tion. the mean deviation, the interquartile range, 
the range, and sometimes others. The standard de- 
viation is the square root of the mean square of the 
deviations from the mean; it is usually denoted by 
the (ireek letter or ; is called the variance. 

= f (x- /*)“/(*) <ix = \ (a: - m)® dF(x) 

Th(* mean deviation is the average over the popu- 
lation of the deviations from the mean, all taken 
to be positive. 

Mean deviation ~ j_ jx- -* fi\f(x) dx 

= r \x-AdF{x) 

m 

The interquartile range (often denoted by is 
the difference ,V .75 — A'.lt,, where X. 7 n is the value 
of the random variable such that one-quarter of the 
population has values larger than AT. 75 ^ and X .2!i 



Fig. 2. Cumulative distribution of incomes. 





b the number such that one-quarter of the popula- 
tion has values smaller than Z.25> The three num- 
bers, X.2s^ X.Ro, X.75^ are called quarUlea; these 
divide the population into quarters. Hie range is 
the difference between the largest and the smallest 
of the population elements. 

Samples. If one examines every element of a 
population and records the value of the random 
variable for each, then he has complete informa- 
tion about the distribution of the random variable 
in the population, and there is no statistical prob- 
lem. 

It is usually impossible or uneconomical to make 
a complete enumeration (or census) of a popula- 
tion and one must therefore be content to examine 
only a part or sample of the population. On the 
basis of the sample, one draws conclusions about 
the entire population; the conclusions thus drawn 
are not certain in the sense that they would likely 
have been somewhat different if a different sample 
of the population had been examined. The problem 
of drawing valid conclusions from samples and of 
specifying their range of uncertainty is known as 
the problem of statistical inference. 

Statisticians distinguish two kinds of samples. A 
survey sample is one chosen from a population, all 
the elements of which actually exist. An experiment 
is a sample chosen from a hypothetical population. 
Thus if one were interested in the total number of 
pigs being fattened in a given season by the farm- 
ers of the state of Iowa, he would survey-sample 
the existing population of pigs in Iowa at that time. 

If one were interested in the effect of a certain hor- 
mone on the growth rate of pigs, he would do an ex- 
periment by giving a group of pigs the hormone for 
a period of time; using the sample of observations 
thus obtained from the experiment he would draw 
inferences about the hypothetical population of ob- 
servations that would have resulted had all pigs 
been given the hormone. 

Random sampling. In planning a sample survey, 
the manner in which the data to be gathered will 
fulfill the purpose should be clearly st£|ted. The 
population to be sampled must be explicitly de- 
fined. The method of sampling should be efficient 
and lead to a straightforward analysis. The ques- 
tion of what elements should be included in the 
population depends on the purpose of the survey. 
Thus the population of vineyards in France might 
include as a vineyard a dozen vines in the back 
yard of a man living in the heart of Paris if the 
purpose were to estimate total grape production 
of France; but the population might be defined to 
exclude such a small vineyard if the purpose were 
to estimate the size of the harvest to be available 
to commercial wineries. 

The type of sampling of interest in statistics is 
probability sampling, because it eliminates subjec- 
tive aspects from the selection of the sample. In 
probability sampling, all possible distinct samples 
are known, the selection of the sample is done ran- 
domly according to a preassigned probability, and 


the method of utalysia is predetemioed aad an 
ambiguous. Only from such samples can /n/ereitceg 
about populations be made with measurable pr^ 
ejsion. 

Simple random sampling is a method of select- 
ing a sample of n elements out of a population of 
JV elements so that all such samples have an equal 
probability of being drawn. This may be done by 
selecting a first element at random from the popu- 
lation, then a second element at random from the 
remaining population, and so on until the n ele- 
ments are selected. Because an element cannot ap- 
pear more than once in the sample, this is a form 
of sampling without replacement. The sampling 
ratio or sampling fraction is n/Ai. 

Often the purpose of drawing a sample is to esti- 
mate the mean or average of a characteristic of the 
population. If y,- is the value of the characteristic 
of the tlh unit, then the population mean is 

1 V 1 ' 

M = ^ Er. = ^(ri+r2+ra+ • • • +yif) 

The sample mean is the average of the n units in 
the sample : 

in 1 

i = - H Xi = - (xj + X2+ ■ ■ ■ i-Xn) 

n ,,,1 n 

where the n jr’s are the n y’s selected from the popu- 
lation as the sample. The population total is A/x 
and is estimated by Nx, The population variance is 
defined as 

" h , 1 . 

and the sample variance is usually defined as fol- 
lows, allfioiigh some authors use n instead n—l: 

n — 1 t-i 

The quantities x and 5 “, the sample mean, and the 
sample variance are called .sample statistics; they 
are the first and second sample moments and are 
also estimators of the corresponding population 
parameters, and (t-. 

The estimators are themselves random variables. 
If one repeatedly drew samples of size n from the 
population and computed x from each sample, he 
would obtain a population of x’s with its own dis- 
tribution which wr>uld differ from the distribution 
of X. It can be shown that the x population has ex- 
actly the same mean /x as the x population. Fur- 
ther, the variance of the x population is 

{N - n) 

(W^ i j n 

where is the variance of the x population. The 
first fraction is ordinarily nearly unity so that the 
variance of x is approximately the fraction 1 /n of 
the original population variance. As n, the sample 
size, becomes large, the x population becomes more 



concentrated about jU and the reliability of a par- 
ticular value of X as an estimate of the population 
mean increases 

The observationb of a sample, besides providing 
estimates of population parameters, ran also be 
used to obtain an estimate of the population’s fre- 
quency function. This estimate is determined by 
dividing the range of the sample observations into 
several intervals of equal length L and counting the 
number of observationb occurring in each interval; 
those numbers are then divided by nL to determine 
fractions giving the relative density of the sample 
occurring in each inteival; then on a sheet of 
giaph paper one lays out the intervals on a hori- 
zontal axis and plots horizontal lines above each 
Intel val at a height equal to the fraction corre- 
sponding to the interval; finally the successive 
plotted horizontal lines are (onnertecl by vertical 
lineta to form a broken line curve known as a 
histogram (Fig 3) The area under the curve is 
unity, and the area between any two points gives 
the fraction of the sample observations King be- 
tween those two points If one takes larger and 
Idiger samples, the ( hosen intervals (an he made 
-mdller and the bioken line curve will come (loser 
and ( losei to the underlying population fiecpieniv 
flint turn Often one does not trouble to divide the 
interval iiecpiem les h\ nL to norniali/e the aic*d of 
tilt histogram, but merely plots the frequencies 
themselves; the resulting broken line curve is btill 
leferied to as a histogram. 

Sampling techniques. When a population (an 
lit itgaided as being made iq) of several nonover- 
lapping siibpopuldtinns, c>ne inav draw a sample 
tioni It b\ di awing a simple landoin sample from 
eai It siilqiopuldtion (or stratum), this piocedure 
IS ( ailed srialified random sampling The method 
IS employed when it is desired to have specific in- 
torniation about eat h stratum individualK. when it 
I" admiriistiativeK (onvenient to subdivK^e the pop- 
ulation, when theie are natural strata, or when a 
gam III predsion would be realized because each 
stratum is mote homogeneous than the whole popu 
lation 

let n be the numb(M of units sanipled in the en- 
tire population of N units, and let be the num- 
ber of units sampled in stratum h containing Nu 
units 'Pherefore, the sum of ail the fi/, is n, and of 
all the Nh is N. Let at, be the tiue standard devia- 
tion within stratum h. When /n = Nn Nn, the 
rih are said to be proportionately allocated When 
nh /n = Nh(Th /SiV/,cTh, the Uh are said to be ciptimally 
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^allocated because the variance of the estimated 
mean is then smallest for fixed total siae of sample. 
Ordinarily, if the cth are well estimated, optimum 
allocation gives greater precision than proportional 
allocation, and proportional allocation gives greater 
precision than simple random sampling. 

Systematic sampling may be regarded as a sam- 
pling of unitb at regular intervals in the popula- 
tion, for example, every tenth unit. Usually this is 
done with a random start; that is, the first unit 
in the sample is selected at random from a small 
group at the beginning. A systematic sample is 
usually relatively easy and fast to execute, and, if 
the analogy to stiatified sampling is valid, a sys- 
tematic sample will be more accurate. However, 
becduse of the essentially nonrandom nature of a 
systematic sample, it is diilicult to estimate the 
sample variance unless certain assumptions are 
made about randomness in the order of the popula- 
tion. It the population has dn> periodicity, then the 
estimates made from a systematic sample can be 
(fiiite poor 

When the elements of a population are in mu- 
tually exclusive groups called the primary units of 
the population, then a sample of these primary 
units might be made, and then, from those selected, 
a sample of the individual elements woujd be made, 
'rhis pro( ediire is calk'd two-stage sampling or sub- 
sampling. Multistage sampling can involve more 
(bun two stages of sampling. Although more com- 
pluated and difficult to apply and to analyze, 
multistage sampling offers i onsiderahle flexibility 
foi baldming between statistical precision and the 
( ost of sampling 

When too little is known about a population to 
plan a sample, then two samples are made. The 
mannei in which the second sample is taken is de- 
lei mined fiom the lesults of the first sample. In 
Sinn’s method of two-stage sampling, the size of 
the additional sample is decided by using the esti- 
mate of the variance from the first sample. In 
double sampling or two-pha&e sampling, the firbt 
sample is used to gather information on a variate 
dsso( lated with the variate of interest. This infor- 
mation IS used to establish strata for drawing a 
stratified random sample involving the variate of 
inleiest 

Ratio and regression estimates are often used 
when observations are made on one or more variates 
related to the variate of primary inteiesi. 

Sequential sampling and sequential analysis re- 
fer to a method of sampling in which the size of 
the sample is not specified in advance. Observa- 
tions are diawn one by one until a specified degree 
of tonfidenf'c in the information to be obtained has 
been achieved. 

Sampling distributions. Many important sam- 
pling distributions are derived for random samples 
drawn from a normal or Gaussian distribution, 
which is a bell-shaped symmetrical distribution 
centered at its mean /a. The distribution is illus- 
trated in Fig. 4 for three different values of the 
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'<^tandard deviation. The mathematical equation 
for these curves is 


/(a) = 


V2Ta 


The area under the curves is given below for the 
indicated limits. 

Arra Limits 

0.50 fjL — 0.675(r to n + 0.675(7 

0.683 fx - <x U} fjL a 

0.00 n ~ 1.615(7 to ju + 1.645(7 

0.95 M- l.%0(r loM+ l.%0(7 

0.90 n - 2.326(7 to fjL -f 2.326(7 

Kelerring to the above limits, 0.675(r is called the 
probable error inasmuch as the odds are even that 
a randomly drawn observation will lie within 0.675(7 
of the mean. 

if samples of si/e n are drawn from a normal 
population and the sample mean x is ('omputed for 
each, the i’s will have a normal distribution with 
the same mean and with variance (rVn. Thus, if 
samples of size 4 were drawn from a population 
distributed b> the curve marked cr = 1 in Fig. 4. 
then the means of those samples would be distrib- 
uted by the curve marked cr = 0.5 (that is, l/\/4). 
Furthei, the probability would be 0.95 that a par- 
ticular X so drawn would lie within (1.960) (0.5) = 
0.98 of the population mean ft. 

The central limit theorem of the theory of proba- 
bility slates that under very general conditions the 
sample mean x is approximately normally distrib- 
uted whatever may be the distribution function for 
the underl>ing population. This powerful theorem 
enables one to make probability statements such as 
the one at the end of the preceding paragraph in 
ignorance of the actual population distribution. 

Besides the distribution of the mean, two other 
sampling distributions derived from the normal 
distribution have wide application. One is the chi- 
square distribution which provides the distribution 
of the sample variance: 

s* - E (*» - *)*/(« - 1) 

i«l 


where xu X 2 , . * Xn are the observations of a 
random sample of size n drawn from a normal 
population. The quantity 

(n-l)sV(72 

has a distribution illustrated in Fig. 5 for three 
values of n. The mathematical form for the distri- 
bution curve is 



and it is often referred to as the chi-square distri- 
bution with /I — 1 degrees of freedom. 

The mo.st useful random variable for interval 
estimation of a population mean is 

\/n(x - /x) 

t = 

s 

which has a symmetrical distribution very similar 
in appearance to the curves plotted in Fig. 4. The 
mathematical form for the distribution is 

[(n-2)/2]! // 

V(n - l)7r[(n - 3)/21!/ V n - 1/ 

This is referred to as the t distiibutiim or the 
Student distribution with n — 1 degrees of fiec- 
dom. The following table gives limits which include 
95<^r of the area under the < urve for a few values 
of n. 

n Limits • 

2 -12.71 to f 12.71 

3 -4.30 1(» +4.30 

4 -3.18 to +3.18 

/ 10 2.20 to +2.20 

2.''> -2.06 to f2.()6 

120 -1.98 to +1.98 

For very large sample sizes, the limits become 
— 1.96 to +1.96 as for the normal distribution. An 
illustration of the use of these limits is given below. 

Estimation. In making an estimate of the value 
of a parameter of a population from a sample, a 
function (called the estimator) of the observations 
is used. For example, for estimating the mean of a 
normal population the mean of the sample ob- 
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Fig. 5. Chi-square distributions. 


servations is usually taken as the estimator. An* 
other estimator is the average of the two most 
extreme observations. In fact, there is an infini- 
tude of estimators. The problem of estimation is to 
find a “good” estimator. 

A good estimator may be regarded as one which 
results in a distribution of estimates concentrated 
near the true value of the parameter and which can 
be applied without excessive effort. There is no sin- 
gle way of deciding how good an estimator is, but 
there are several criteria by which an estimator 
may be judged. 

An unbiased estimator is one which results in a 
distribution of estimates which has a mean exactly 
equal to the value of the parameter being esti- 
mated. Otherwise the estimator is called biased. 
The bias is the mean of the distribution of the 
estimator minus the value of the parameter it esti- 
mates. 

An estimator is said to be (*.onsistent if the prob- 
ability that an estimate will differ from the value of 
the parameter by more than any fixed amount can 
be made arbitrarily small by increasing the number 
of ol>servations. 

The variance of an estimator is the mean squared 
deviation of the estimates from the value of the 
parameter. The estimator with the smallest vari- 
aiifc is called most efficient. The relative efficiency 
of two estimators is the ratio of the variances. 
When the numerator of this ralio is the variance 
of a most efficient estimator, this ratio is simply 
called the efficiency of the otlu^r estimator. 

An estimator is said to be sufficient if it contains 
all the information in the sample regarding the 
parameter. This is so when the conditional distri- 
bution of the sample [or a given estimate is in- 
dependent c»f the parameter. 

There are several methods of constructing estima- 
tors of parameters. The method of moments is 
applied by assuming that the first few sample 
moments are equivalent to the moments of some 
distribution, and then solving for the parameters 
of that distribution. The methods known as least 
squares, minimum variance, and minimum chi 
.Mpiarc all have as their basis the estimation of 
the values of the parameters which minimize some 
linear function of the squares of deviations of the 
observations from the values of the parameters. In 
applying Bayes’ method, the distribution of possi- 
ble values of the parameter before the sample is 
taken, called the a priori distribution, is used in 
conjunction with the observations in the stqnple to 
yield an e.stimator. The method of maximum likeli- 
hood uses as the estimate that value of the parame- 
ter for which the probability of the sample is high- 
est. 

A confidence interval is an interval constructed 
m such a way that the true parameter value is 
^ithin this interval with a predetermined probabil- 
ity in repeated sampling; this probability is called 
the confidence level of the interval. For example, a 
sample mean, x, known to be normally distributed 
with variance cr® will differ less than l,%<r from 
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the true but unknown mean, u, with probability 
. 0,95. Thus 

Probability that 

(~L96a <x-fL< 1.96a) « 0.95 

On solving the two inequalities for /i, this ex- 
pression may be written 

Probability that 

(x — 1.96a < /ji < X + 1.96a) * 0.95 

When a particular value of 5t is computed from 
the observations, then x 1.96a is a pair of num- 
bers which define a particular interval called the 
confidence interval. Because is a fixed number, 
it is within this particular interval with probability 
zero or one. However, /i is unknown, .so that the 
confidence to be associated with the interval is 
stated in terms of the proportion of all intervals 
constructed in this manner which would include ju, 
rather than this particular interval. A probability 
of this sort, valid for a population of outcomes, 
when used in reference to a particular outcome is 
called a fiducial probability. 

Ordinarily o is unknown and the estimate s 
derived from the sample must be used to form a 
confidence interval; in this case, the t distribution 
rather than the normal distribution must be used. 
As an example, suppose a chemist has made four 
determinations of the atomic weight of hydrogen 
as follows: 1.0066, 1.0090, 1.0084, and 1.0086. The 
average of these values is 

X = Vi (1.0066 + 1.0090 + 1.0084 + 1.0086) 

* 1.0082 

and thcj sample estimate of the variance of his 
technique is 

5 - - ViK 1.0066 - 1,0082) - -I- (1.0090- 1.0082)'^ 

-f (1.0084 - 1.0082) *^ -f (1.0086 - 1.0082)21 
= .00000123 

with the e'sliniate of a being therelore 

s =* V6.00000123 = 0.0011 

It follows from the definition of t in the preced- 
ing section that in this case 

f = 2(1.0082- /I, )/0.0011 

and using the short t table given in the preceding 
section one finds 

Probability (-3.18 < < S.is) - 0.95 

Solving these inequalities for /i one finds 

Probability i 1.00645 < /x < 1.00995) =» 0.95 

and the chemist can assert with 95% confidence 
that the atomic weight of hydrogen lies between 
1.00645 and 1.00995. For greater precision, more 
observations are required. 

In a similar fashion one may obtain a confidence 
interval for a by using S’ in connection with^ the 
chi-square distribution. 
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A confidence region is the generalization of a 
confidence interval and refers to the simultaneous 
estimation of several population parameters. The 
confidence level is the proportion of the time that 
the region actually includes the true values of the 
parameters. 

In general, the most desirable confidence interval 
or region is the smallest one which can be con- 
structed for the selected confidence level. 

Tests of hypotheses. Besides estimation of pa- 
rameters, another major area of statistical infer- 
ence is the testing of hypotheses. A hypothesis is 
merely an assertion that a population has a spe- 
cific property. The test consists of drawing a sam- 
ple from the population and determining whether 
or not it is consistent with the assertion. Very often 
.the hypothesis is a statement about the mean of a 
population; that it has a given value, that it is 
the same as that of another population, that it ex- 
ceeds that of another population by at least ten 
units, and the tike. Thus, one may be comparing a 
new blend of gasoline with a current blend, a new 
drug with a standard one, a new manufacturing 
process with an existing one. 

For a very simple illustration of the basic ideas 
involved, suppose a population is known to have 
either of two distributions which differ mainly in 
location. Let the random variable he x and let the 
two functions of x which determine the two distri- 
butions be represented by the symbols f(x) and 
g(jc) as indicated in Fig. 6; that is, f(x) repre- 
sents the height of the left curve at x, and gix) 
represents the height of the right curve at x. As- 
sume that the population has the distribution 
l{x) ; there is in this case only a single alterna- 
tive, g(Af), so that rejection of the hypothesis 
implies acceptance of the alternative. Suppose that 
for testing the hypothesis one can afford only a 
single observation, that is, a sample of size one. 

It is obvious in this instance that one should 
choose some number h in advance, then accept the 
hypothesis if the observation falls to the left of b 
and reject it if the observation falls to the right. 
Values of X to the left of h are said to constitute 
the acceptance region of the test; values to the 
right of b constitute the critical region. The area 
under f{x) to the left of 6, which is denoted 
mathematically by 

P /(*) dx 

•f—ao 

is the probability that the hypothesis will be ac- 
cepted when it is true. The area to the right of b 
under f(x) is the probability that the hypothesis 
will be rejected when it is true; this probability is 



called the type I error of the test. Tfie area to the 
left of b under g{x) is the probability that the 
hypothesis will be accepted when it is false and is 
called the type II error of the test. The area to the 
right of b under g{x) is called the power of test 
and is, of course, one minus the type II error. 

By moving the point b to the right one can make 
the type I error as small as he likes, but in doing 
so the type II error is increased. This dilemma is 
characteristic of the construction of tests of hy- 
potheses. Ordinarily one arbitrarily chooses the 
type I error to be some small number such as 0.05 
or 0.01 and then chooses the critical region so as to 
minimize the type II error. 

The fraction f(x)/g{x) is called the likelihood 
ratio or simply the likelihood function of x. From 
Fig. 6 it is evident that the likelihood is relatively 
large when the hypothesis is true and small when 
it is false. For a sample of size n with observations 
xu X 2 j . . . , Xn, the sample likelihood is defined 
to be the product of the individual likelihoods 

/M fjxi) fjXn) 

g(xi) «:(*») g(Xn) 

Let all possible samples of size n be divided into 
two sets with one set (the acceptance region) con- 
taining those for which the likelihood is larger 
than some number h and with the other set (the 
critical region) containing those samples for which 
the likelihood is less than 6. It can be proved 
mathematically that this is the best critical re- 
gion for testing the hypothesis in the sense that it 
minimizes the type II error for given typejl error. 
The likelihood criterion therefore furnishes a pro- 
cedure for constructing specific tests of hypotheses. 
Other approaches to the testing problem, such as 
Bayes’ method or the minimax principle of game 
theory, lead to the same criterion. 

If, for example, one applies the likelihood cri- 
terion to the problem of testing whether a normal 
population has a given mean, perhaps 10, and speci- 
fies that the type I error shall be 0.01, then the 
following procedure results: Draw a random sam- 
ple of size n; construct an 0.99 confidence interval 
for the population mean (i; if the number 10 lies 
within the interval, accept the hypothesis; other- 
wise, reject it. 

An important class of hypotheses has to do with 
tests of independence in multivariate populations. 
As an example, one may consider the population of 
registered voters in the United States as a bivariate 
population with one variable being their opinions 
(yes, no, undecided) on some political proposition 
of the moment, and the other variable being geo- 
graphical location. Elements of the population may 
be classified into a so-called contingency table as 
shown in Fig. 7. The hypothesis of independence 
asserts that the division of political opinion is un- 
affected by location. To test that hypothesis, a ran- 
dom sample of the population may be interviewed 
and classified into the twelve categories or cells 
of the contingency table. Let ntj be the number 
of individuals falling in the cell in the ith row and 
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Fig. 7. Contingency table. 


the /th column of the table. The sum of all the /i,^ 
is. of course, n, the sample size. The row sums may 
be denoted by ri, r 2 , ra, r.*, and the column sums by 
cu C 2 * c$; the sum of each of the sets is n. On ap- 
plying the likelihood criterion to the test of the hy- 
pothesis, one finds that it rests on the expression 

2(n log n -f S ^ ^ ^ log Cj) 

a i i 

which is approximately distributed according to 
the chi-square distribution with 6 degrees of free- 
dom. To test at the 0.05 level for the type I error, 
one would compute the above expression and com- 
pare it with 12.6 which is the value that marks 95% 
of the area under the chi-square distribution curve. 
If the expression turned out to be less than 12.6, 
one would accept the hypothesisS of independence; 
otherwise, he would reject it. 

Had there been R rows and C columns instead 
of four and three, one would have used the chi- 
scpiare distribution with (/i — 1 ) (C — 1) degrees 
of freedom. For a Irivariate population there would 
have been a three-way contingency table and four 
hyiiolheses of independence that could have been 
tested; three of them assert that a given criterion 
of classification is independent of the other two, 
and the fourth asserts that all three are mutually 
independent. 

Design of experiments. An experiment is per- 
formed to obtain information about the relations 
between several variables. For example, one may 
study the effect of storage temperature and dura- 
tion of storage on the flavor of a frozen food. Three 
variables (flavor, temperature, and duration) are 
involved; one (flavor) is called the subject of 
the experiment; the other two are called factors 
which influence the subject. Sometimes the fac- 
tors have intrinsic value in themselves; sometimes 
they are merely nuisance variables which must be 
taken into account because it is impossible to per- 
form the experiment without them. 

There exist in the statistical literature great num- 
bers of specific experimental designs. These are pat- 
terns for making experimental observations; the 
actual construction of the designs requires quite 
advanced mathematics based on group theory, finite 
geometries, and combinatorial analysis. The mathe- 
matical problem is to find a pattern from which it 
Js possible to extract the desired information a^id 
yet minimize the number of observations. 

Experimental designs are most important to the 
experimenter when observations are expensive to 
make and when more than one factor is involved 


in the experiment. In the pa 9 t it was believed that 
the best experimental procedure was to vary fac- 
tors one at a time. Thus, in the frozen {o<^ ex- 
periment one might have held storage temperature 
constant and studied the effect of duration of stor- 
age only on flavor. Having determined that relation- 
ship, one would then hold duration constant and 
study the temperature effect. This procedure is not 
only wasteful of time and resources but may very 
well lead to erroneous conclusions because in all 
likelihood there is interaction between the two fac- 
tors ; that is, duration effect probably changes in a 
not obvious way when temperature is changed. 
Even if one believes that he can extrapolate ac- 
curately the duration effect to other temperatures, 
there is much to be said for checking the extrap- 
olation procedure in the experiment because it can 
probably be done at no addithmal cost if the ex- 
periment is well designed. 

As an illustration of the use of a design, con.sider 
a very simple and useful one called the randomized 
block design. Suppose a manufacturer contemplates 
purchasing a machine which can be obtained from 
one of three sources. A", F, or Z. He obtains one 
of each on trial in order to compare their per- 
formance using several operators from his own 
plant. Perhaps five operators, /f, C, /), and 
are to be used in the proposed experim);nt, which 
is a two-factor experiment with performance being 
the subject and the two factors being men and ma- 
chines. The operators are not really a factor of 
interest in evaluating the machines but are, of 
course, nec^essary to the experiment. 

It would be a mistake to use perhaps 15 Opera- 
tors. putting 5 on each machine, because operators 
differ in ability and a machine that turned out 
well might have been fortunate in having a good 
set of operators assigned to it. It is necessary 
that the machines be compared in as nearly equiv- 
alent circumstances as possible; in this case, that 
is done by having each operator operate every ma- 
chine. The machines may then be compared in 
blocks (operators) which are individually homo- 
geneous although they may be quite different 
among themselves. 

The data are obtained by measuring production 
of each operator on each machine for a specified 
period of time and filling in the table of Fig. 8. 
It is essential that the order in which a man works 
on the three machines be randomized (by tossing 
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Fig. 8. Dota form for randomized block experiment. 
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dice, for example) so that minor factors not taken 
info account in the design will not bias the results. 
If, for example, learning is an important factor in 
operating the machines, then the experiment must 
be three-factor and a more elaborate design is re- 
quired. 

In the resulting experimental observations the 
effects of men and of machines are entangled, but 
there exists a computational technique for well- 
designed experiments known as the analysis of 
variance which will disentangle them. This enables 
the total variation to be broken down into parts, a 
variance attributable to machines, one to men, and 
one to interactions; if the experiment were dupli- 
cated, one could also break out a variance corre- 
sponding to experimental error. One can estimate 
the individual main effects of machines, the main 
effects of men, and individual interaction effects. 
In experiments involving more factors, one may be 
able (depending on the experimental design se- 
lected) to estimate higher-order interactions such 
as the second-order interactions between the main 
effects of one factor and the first-order interactions 
of two other factors. 

A common hypothesis in an analysis of variance 
is the null hypothesis that the variance associated 
with some factor or interaction is not larger than 
the experimental error variance; the test criterion 
is essentially the ratio of the two variances and has 
the so-called F distribution when the null hypoth- 
esis is true. Rejection of the null hypothesis im- 
plies that the factor or interaction in question had 
a significant effect on the subject of the experiment. 

Regression and correlation. The regression 
problem is that of estimating certain unknown con- 
stants or parameters occurring in a function which 
relates several variables; the variables may he ran- 
dom or not. By far the most easily handled cases 
are those in which the function is linear in the un- 
known parameters, and it is worth considerable 
effort to transform the function to that form if at 
all possible. 

The eventual adult height, H, of a 5-year-old boy 
may be quite well predicted by a linear function of 
three variables: his own present height, B; his 
father’s height, F; and his mother’s height, M. 
The linear function is 

// = (7 -f Afl + cf + rfiW 

where a, 6, c, and d are the unknown parameters. 
The three variables £f, and M are called inde- 
pendent variables, the variable H is called the de- 
pendent variable, and the parameters 6, c, and d 
are often referred to as regression coefficients. 

To estimate the parameters one might draw a 
random sample of 5-year-old boys, measure their 
heights and those of their parents, then some years 
later measure their adult heights. One would then 
have sufficient data from which the parameters 
could be estimated by procedures Mtirely analo- 
gous to the methods for estimating location and 
scale parameters de.scribed above. In practice, one 
would not take so long to get the data but would 
use men whose childhood records were available. 


This method involves subtle samplhig problems 
however; for example, persons whose records are 
available may have been better cared for on the 
average and hence taller on the average. 

The data which supply the estimates of regres- 
sion coefficients can also be used to estimate the 
standard deviation, or standard error of regression, 
(7. Using that estimate and a table of the t distribu- 
tion, one can compute a prediction interval (analo- 
gous to a confidence interval) which will have the 
desired probability of including the correct adult 
height of a given boy. 

Tall fathers sometimes have short sons and short 
fathers sometimes have tall sons, but generally a 
father’s height is a good indicator of his son’s 
height; that is. fathers’ heights and their sons’ 
heights are positively correlated. To employ a dif- 
ferent example: The price of a commodity in a 
free economy is negatively correlated with the sup- 
ply of that commodity.^ there is not a fixed rela- 
tion between price and^ supply, hut as a general 
proposition one goes up when the other goes down. 

Statisticians have developed measures of the de- 
gree of such imprecise relationships called co- 
efficients of correlation. The most widely used one 
is the Pearson or product moment correlation which 
is generally denoted by p. It measures the degree 
of linear association or correlation between two 
random variables of a bivariate or multivariate 
population and is defined as the mean over all the 
population of the product of the deviations of the 
two variables from their means divided by the prod- 
uct of their standard deviations. Mather||atical1y. 

p = /(:r - m) (j - v)f(x,y) dx dr/tT^Cy 

where x and y are the random variables. and v 
their meyfs. a, and their .standard deviations, 
and /(.t,y ) their frequency distribution. 

If the two variables are completely unrelated, 
then p = 0; if they have a fixed linear relation so 
that one can be calculated directly from the other, 
then p = f 1 or p =* — 1 depending upon whether 
their relation is direct or reverse. Otherwi.se p will 
be some fraction between —1 and -fl with the 
fraction being near zero if there is poor correlation 
between them. 

When the independent variables of a regression 
function are random variables, there is an equiva- 
lence between correlation coefficients and regres- 
sion coefficients; after one set has been defined, 
the definition of the other follows automatically; 
mathematical formulas connecting them may be 
found in any statistics textbook. 

Nonparametric inference. Mo.st techniques of 
statistical inference rely on the central limit theo- 
rem or on sampling distributions derived from nor- 
mal populations. They are practically always valid 
for large samples and are often valid for samples 
of intermediate size. However there are occasions 
when one cannot rely on tbeae techniques, particu- 
larly when samples are smtfR or when some evident 
peculiarity of the population (such as marked 
asymmetry) makes ordinarily used sampling dis- 
tributions suspect. In such instances one uses non- 



parametric methods which are valid whatever form 
the population distribution might take. 

Nonparametric techniques use the so-called or- 
der statistics which are merely the sample observa- 
tions arranged in ascending order of magnitude. 
One may let xi be the smallest sample observation, 
X'j the next smallest, and so on with Xn being the 
largest. A basic theorem states that on the average 
the sample divides the population into n + 1 equal 
parts, that is, that l/(n + l) of the population 
lies between any two successive order statistics. 
Many nonparametric methods rest on this fact and 
its consequences. 

As a simple illustration of a nonparametric esti- 
mate and confidence interval one may consider the 
estimation of the population median, Af, given an 
ordered sample of size 5 consisting of x^ X 2 , JCa, 
.ri, and X5, The estimate of M among the observa- 
tions is simply the central sample observation xs. 
The extreme observations xi and xr, provide limits 
foi a confidence interval for M: the probability 
level for the interval is calculated as follows. One- 
half of the po|)iiIation lies to the right of M, hence 
the probability is 1/2 that a randomly drawn ob- 
servation will lie to its right. The probability is 
f 1/2) '' that all five observations will lie to its right. 
Similarly, the probability is (1/2)'’ that all five 
will lie tr» its left. In all other cases the sample will 
have at least one observation on each side of M ; 
therefore, probability that 

(xi < M < r,) - 1 - (1 /2)-’ - (1/2)*’ = 30/32 

which is about 0.04. Sec Analysis of vakunck; 
BroMKTRics; DtSTRtnnTtON ( crorarility) ; 
i’kkimknt: Quality control. [ a.m.m.] 
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Statoblasts 

Chilin-encapsuled, seedlike bodies of several types 
which occur in the Phylactolaemata. They are 
classified as sessoblasts, piptoblasls, floatoblasts. 
and spinoblasts. They are 0.26 1.5 mm long and 
produced in great numbers from spring to autumn. 
(See the illustration at the top of the pa'ge.) 

Sessoblasts permanently attach to zooechial 
tubes or the substratum. Floatoblasts and spino- 
blasts have a float of “air” cells and are, therefore, 
free. Piptoblasts are free but have no float. 

Statoblasts tide species over adverse ecological 
conditions such as drying or freezing which kill 
the colony but do not harm statoblasts. Statoblasts 
g<^rminate during the season when they are pro- 
duced or the following spring, but some Lophopo- 
della statoblasts germinated after 50 months of dry- 
ing. See Bryozoa. [m.d.ro.] 


Staiifomadimi# 



Statoblasts. (a) Spinoblast of Pecfinafella magnifica, 
(b) Floatoblast of Plumafella repens, (c) Piptoblost or 
sessoblost of Fredericella sultana, (d) Sessoblost of 
Stolella indica. 

Staurolite 

A nesosilicale mineral, FeAIi (SiOj )o(OH > 2 . that 
crystallizes in the orthorhombic system. It is 
frequently in crystals, usually a combination of 
the vertical prism with the basal and' side pina- 
coid. Equally common are two types of cruciform 
penetration twins. In one type the two individuals 



Staurolite crystals, (a) Simple, (b^ 90** and (c) 60° 
penetration twins. (From C. S. Hurlbut, Jr., Dana's 
Manual of Mineralogy, 16th ed., Wiley, 1952) 


cross at approximately 90°, in the other type they 
cross at about 60'^. The hardness is 7- 7^4 on Mohs 
scale; spe< ific gravity is 3.7. The luster is resinous 
to vitreous but may be dull when the mineral is 
impure or alter€*d; the color is reddish brown to 
black. Staurolite is a rnetamorphic mineral found 
in schists associated with garnet, kyanite, and 
tourmaline. At St. Cothard, Switzerland, it is found 
on kvanite in parallel orientation. In the United 
States it is found in schists in many states, notably 
New Hampshire, Massachusetts, North Carolina, 
Georgia, Virginia, and New Mexico. See Sii.icate 
minerals. fc.S.HU.] 

Stauromedusae 

An order of the class Scyphozoa, usually found in 
circumpolar regions. Halicly.%tus auricula is typi- 
cal. The egg develops into a planula which can 
only creep since it lacks cilia. The planula changes 
into a polyp that metamorphoses directly into a 
combined polyp and medusa form. The medusa is 
composed of a cuplike bell called a calyx (me(}ufian 
part) and a stem (polyp part) which terminates in 
a pedal disk. The calyx is eight-sided and has eight 



76 SiMm 




Stauromedusae. (a) Lucernaria. (b) Ma/iclysfus. (From 
L. H. Hyman, The Invertebrates, vol. 1, McGraw-Hill, 
1940) 


groups of short, capped tentacles and eight sensory 
bodies, called anchors, on its margin. The month, 
situated at the center of the calyx, has four thin 
lips and leads to the stomach in which gastral fila- 
ments are arranged in a row on either side of each 
interradius. Though sessile, the medusa can move 
in a leechlike fashion by alternate attachment and 
release of the pedal disk, using the substratum 
as an anchor. See Scyphozoa. I t.ij.J 

steam 

Water vapor or water in its gaseous state. Steam is 
by far the most used working medium in external 
combustion engines such as steam turbines; it is 
also widely used as a heating medium. 

Steam conditions. The temperature at which 
steam forms depends entirely on the pressure in the 
boiler or steam generator (Fig. ]). The steam 
formed in a boiler is in temperature equilibrium 
with the water. Under this condition, with steam 
and water at the same temperature, the steam is 
termed saturated. The steam can be entirely vapor ; 
that is, it can be dry, or it can carry entrained 
moisture in suspension and be wet. ft may also be 
contaminated with other gases such as air, in which 
case it is a mixture (see Dalton’s law). After the 
steam is removed from contact with the water, 
without changing its pressure, the steam can be 
heated further. If initially wet, the Additional heat 
will first dry it and then raise it above its saturated 
(evaporation) temperature. Under this condition 
the steam is superheated. 


The heat energy in steam can be divided into 
three parts: (1) enthalpy of the liquid required to 
raise the water from its initial temperature (usu- 
ally considered to be 32®F) to the boiling tem- 
perature, (2) enthalpy of vaporization required to 
convert the water to steam at the boiling tempera- 
ture, and (3) enthalpy of superheat that raises the 
steam to its final temperature (see Enthalpy). 
As the steam performs its thermodynamic function 
giving up its heat energy, it loses its superheat, 
becomes wet, and finally condenses to hot water. 
While wet, the steam has a quality that decreases 
as the per cent of dry saturated steam present in 
the wet steam decreases. Dry steam has a quality 
of 100%. 

Properties as a gas. Superheated steam at tem- 
peratures well above the boiling temperature for 
the existing steam pressure follows closely the 
laws of a perfect gas. Thus, pv 85.87’ and 
k 1.3 where p is pressure in Ib/ft-, v is volume 
in fl-yib, and T is absolbte temperature in °R, and 
k is the ratio of specific heat at constant pressure 
to specific heat at constant volume. However, the 
behavior of dry saturated steam departs from that 



Fig. 1. Boiling temperature for steam increases with 
pressure; above 705 steam (water in its gaseous 
state) and water in its llqoM state occupy the same 
specific volumes and therefore do not separate be- 
cause of density differences atone as they do during 
boiling at pressures below 3206 psi. 


of a perfect gas, and wet steam is a mixture. There- 
fore, the properties of steam near its vaporization 
temperature are determined experimentally. 

Data can be presented in tabular form, giving 
pressure, volume, entropy, enthalpy, and tempera- 
ture for saturated liquid (water at the boiling 
point), saturated steam, and steam vapor at various 
temperatures of superheat. Alternatively, thermo- 
dynamic properties of steam can be presented 
diagrammatically. For analysis of thermodynamic 
cycles, the temperature-entropy chart is widely 
used (Fig. 2). Area on this chart is proportional 
to heat energy. At the critical point, steam con- 
denses directly into water without releasing energy. 
In the uncharted area the pressure is higher than is 
usually encountered in commercial practice. 

For engineering applications, the Mollier dia- 
gram presents steam data in a convenient form 
(Fig. In the wet region, lines of constant tem- 
perature and of constant pressure are necessarily 
straight and coincide with each other. Total en- 
thalpies above 32“F are plotted as ordinates and 
total entropies as ubscis^ias. 

Vis<*osity of steam increases with temperature 
and f)rpssiire. Saturated steam at atmos(dieric pres- 
sure has a viscosity of about 2.6X10* (lb) 
(sec) (ft’ I. At lOOO'^F and atmospheric pressure 
il is alioiit 6 X 10 ' and at 1()()0°F and 2000 Ib/in,- 
pressure it is 13.4 X 10 \ Similarly, the heat con- 
ductivity of steam increases with temperature and 
pn’ssurc. The thermal ronduetivities for the same 
three conditions for which viscosities are given are 
dhoiit I !•, .37, and 100 Bin ' { hr ) (ft) ( ^*F) . 

Application. (Ihiefly because of its availability, 
hut also because of its nontoxicity, steam is widely 
Used as the working medium in thermodynamic 
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entropy In Btu lb °F 


^•9- 2. Temperature-entropy chart for steam. (From 
H. Keenan and F, G. Keyes, Thermodynamic Prop- 
^rfies of Steam, Wiley, 1936} 
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Fig. 3. Mollier or enthalpy-entropy diagram for 
steam. (From R. Mollier, Mollier’ s Steam Tables and 
Diagrams, Pitman, 19*27) 

processes. It has a uniquely high latent heat of 
vaporization: 1049 Btii/lh at 1 in. Hg ahs and 79®F, 
970 at 14.7 psia and 212"F, and 889 at 100 peia and 
328”F. Steam has a specific heat in the vicinity of 
half that of water. For comparison, its specific 
heat is about twice that of air and comparable to 
that of ammonia. Except for a few gases such as 
hydrogen with a specific heal seven times that of 
steam, the .specific heat of steam is relatively high 
so that it can carry more thermal energy at prac- 
tical temperatures than can other usable gases. See 
Entroi'y; Thkrmody\amic cycle: Water. 

[W.T.] 

Steam boiler 

A pressurized system in which water is vaporized to 
steam, as a desired end product, by heal transferred 
from a source of higher temperature, usually the 
producis of combustion from liiirning fuels. Steam 
thus generated may be used directly as a heating 
medium, or us the working fluid in a prime mover 
to convert thermal energy to mechanical work, 
which in turn may be converted to electrical energy. 
Although other fluids are .sometimes used for these 
purposes, water is by far the most common because 
of its economy and .suitable thermodynamic charac- 
teristics. 

The physical size.s of boilers range from small 
portable or shop«a.ssembled units to installations 
comparable in size to a multistory building, 150 ft 
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high by 80 ft wide and 80 ft deep* The larger units 
are assembled at the permanent site. In terms of 
steam generating capacities, commercial boilers 
range from a few hundred pounds of steam per 
hour to more than 4,000,000 Ib/hour. 

The pressure at which steam is generated ex- 
tends from a few pounds per square inch above at- 
mospheric pressure, to several thousand pounds per 
square inch, depending upon requirements of the 
process served. Pressure- part components must be 
strong enough to withstand the generated steam 
pressure, and must be maintained at acceptable 
temperatures, by transfer of heal to the fluid, to 
prevent loss of strength of the construction mate- 
rials by overheating or destructive oxidation. 

Being in the class of durable goods, boilers that 
receive proper care in operation and maintenance 
function satisfactorily for several decades. Thus 
the types of boilers found in service at any time 
represent a wide span in the stages of development 
in boiler technology. 

The earliest boilers, used at the beginning of the 
industrial era, were simple vats or cylindrical ves- 
sels, made of iron or copper plates riveted together 
and supported over a furnace fired by wood or coal. 
Connections were made for offtake of steam and 
for the replenishment of water. Evolution in design 
for higher pressures and capacities led to the use 
of steel, and to the employment of tubular members 
in the construction, to increase the amount of heat- 
transferring surface, at first for the passage of hot 
gases through tubes submerged in the water space 
of the vessel (sec Fire-thbk boiler), and later by 
arrangements of multiple tubes containing the wa- 
ter (sec Water-tube boiler), which were exposed 
on their outer surface to contact with hot gases. 

The over-all functioning of steam generating 
equipment is governed by thermodynamic proper- 
ties of the working fluid (see Steam). By the simple 
addition of heat to water in a cl(»scd vessel, vapor is 
formed which has greater specific volume than the 
liquid, and can develop increase of pressure to the 
critical value of 3206 psia. If the generated steam is 
discharged at a controlled rate, commensurate with 
the rate of heat addition, the pressure in the vessel 
can be maintained at any desired value, and thus be 
held within the limits of safety of the construction. 

Addition of heat to steam, after its generation, is 
accompanied by increase of temperature above the 
saturation value (see Superheater). The higher 
heal content, or enthalpy, of superheated steam 
permits it to develop a higher percentage of useful 
work by expansion through the prime mover, with 
a resultant gain in efficiency of the power generat- 
ing cycle. 

If the steam generating system is maintained at 
pressures above the critical, by means of a high- 
pressure feed-water pump, water is converted to a 
vapor phase of high density equal to that of the 
water, without the formation of biil)bles. Further 
heat addition causes superheating, with correspond- 
ing increase in temperature and enthalpy. The most 


advanced developments in steam generating equip- 
ment have led to units operating aho\e critical 
pressure, at 4500-5000 psi. 

Superheated steam temperature has advanced 
through the years from about 500 '^F to the present 
practical limits between 1050 and 1100°F. Progress 
in boiler design and performance has been governed 
by the continuing development of improved mate- 
rials for superheater construction having adequate 
strength and resistance to oxidation for service at 
elevated temperatures. For the high temperature 
ranges, complex alloy steels are used in parts of 
the assembly. See Steam generating unit. 

[k.c.e.] 

steam condenser 

A heat transfer device used to condense steam to 
water by removing the latent heat and absorbing 
it in a heat receiving fluid, usually water. 

Steam condensers majy be classified as contact or 
surface. Condensing takes place in the contact con- 
denser in a chamber where the steam and cooling 
whaler mix. In the surface condenser the condensing 
pro(!ess lakes place separated from the t'ooling 
water by a metal wall, which forms the condensing 
surface. 

Both contact and surface condensers are used in 
process systems and for serving engines and tur- 
bines for generating power. Modern practice has 
confined the use of contact condensers, for the most 
part, to such process systems as those involving 
vacuum pans, evafiorattirs, or dryers. The steam 
surface <*ondensrr is used chiefly in [lowoa genera- 
tion but is also used in process systems, espc(‘ially 
those? in which condensate recovery is important. 

Surface condensers used for power generation 
are of tln^ high-vacuiirn type. Because their main 
purpose is to effect a back pressure at the turbine 
exhaust, for economical station heal rate and fixed 
cost, they must be designed for high heat transfer 
rates, minimum steam-side pressure loss, and effi- 
cient air removal. 

Condenser sizes have increased with the size of 
turbine generators. The largest, in a single shell, 
is approximately 200.000 ft-: the condensing steam 
space occupies a volume of about 30,000 ft'^ Larger 
units have been built with the surface divided 
equally between two shells. Power plant condensers 
require 70 100 lb of cooling water to condense 1 lb 
of steam. Normally 0.5 ft- of surface is required 
for each kilowatt of generating capacity. See Con- 
denser, VAPOR. [j.F.S.] 

Steam engine 

A machine for converting the heat energy in steam 
to mechanical energy. Compared to other engines 
used as prime movers, the reciprocating steam en- 
gine, with which this article deals, develops its full 
rated torque at any speed from rest to full throttle. 
This variable-speed, high-torque characteristic is 
desirable in traction engines such as locomotives, 
in hoists, and in heavy machinery such as rolling 



mills. The ease with which the direction of rotation 
of a reciprocating steam engine is reversed is a 
further advantage in these applications. However, 
because the steam turbine has a smaller size for 
comparable capacity and develops its highest effi- 
ciency at a constant high speed, the reciprocating 
2 jteam engine is vanishing as a prime mover for 
electric generating stations {see Steam turbine). 
The greater ease with which internal combustion 
engines start has resulted in their replacing the 
steam engine for traction service. When used with 
H gear shift or a hydraulic torque converter, these 
newer-type engines can also develop high starting 
torque. Where process steam is used, steam engine 
power is, however, a low-cost by-product. 

Cylinder action. A typical steam reciprocating 
engine consists of a cylinder fitted with a piston 
iF’ig. 1). A connecting rod and crank shaft convert 
the piston’s to-and-fro motion into rotary motion. 
A flywheel tends to maintain a constant output an- 
gular velocity in the presence of the cyclically 
changing steam pressure on the piston face. A 
valve admits high-pressure steam to the cylinder 
and allows the spent steam to escape (Hg. 2). 

The power developed by an engine depends on 
the jiressurc and quantity of steam admitted per 
unit of time to the cylinder. The pressure varies 
(luring the stroke, having an average designated as 
the mean effective pressure p Ib/sq in. The quan- 
tity of steam per minute, or the steam rate, is the 
volume of the cylinder filled by steam once each 



1. Principal parts of horizontal steam engine. 


exhaust manifold 



f^'9‘ 2. Single-ported slide valve on counterflow dou- 
ble-acting cylinder. 
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revolution multiplied by the revolutions per minote 
n. The volume is in turn the piston area a in sq in. 
times the length of piston stroke / in ft. The prod- 
uct of these design dimensions gives the horse- 
power rating P for a single-acting steam engine; 

P « p/o7i/33,000 

where 33,000 converts ft-lb per minute to horse- 
power. With steam admitted alternately to each 
side of the piston, as in the double-acting engine of 
Fig. 2, the theoretical power developed is approxi- 
mately twice this value. The power developed by an 
actual engine is 70-90% of the ideal power be- 
cause of friction and other losses. 

Engine types. Engines are classified as single- or 
double-acting, and as horizontal, as in Fig. 1, or 
vertical depending on the direction of piston mo- 
tion. If the steam does not fully expand in one cyl- 
inder, it can be exhausted into a second larger cyl- 
inder to expand further and give up a greater part 
of its initial energy. Thus, an engine can be com- 
pounded for double or triple expansion. In counter- 
flow engines, steam enters and leaves at the same 
end of the cylinder; in uniflow engines, steam en- 
ters at the end of the cylinder and exhausts at the 
middle. 

Steam engines can also he classed by «fii net ions, 
engines for different services being built to opti- 
mize the characteristics most desired in each ap- 
plication. Stationary engines drive electric gener- 
ators, in which constant speed is important, or 
pumps and coinpres.sors in which constant torque 
is important. Governors acting through the .valves 
hold the desired characteristic constant. Marine 
engines require a high order of safety and depend- 
ability. 

Valves. The extent to which an actual steam 
piston engine approaches the performance of an 
ideal engine depends largely on the effectiveness of 
its valves. The valves alternately admit steam to 
the cylinder, seal the cylinder while the steam ex- 
pands again.st the piston, and exhaust steam from 
the cylinder (.see Carnot cycle; Thermodynamic 
cycle). The many forms of valves can be grouped 
as sliding valves and lifting valves (Fig. 3). 

Sliding valves are ones such as the I) valves 
(Fig. 2). They may be combined with expansion 
valves. A common .sliding valve is the rocking Cor- 
liss valve; it is driven from an eccentric on the 
main shaft like other valves but has separate rods 
for each valve on the engine. After a Corliss valve 
is opened, a latch automatically disengages the 
rod and a separate dashpot abruptly closes the 
valve. Exhaust valves are closed by the rods as with 
other .sliding valves. 

Lifting valves are more suitable for use with 
high-temperature steam. They, too, are of numer- 
ous forms, the poppet valve being representative. 

The valves are driven through a cisank or eccen- 
tric on the main crankshaft. The crank angle is 
set to open the steam port near dead center, where 
the piston is at its extreme position in the cylinder. 
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The angle between valve crank and connecting 
rod crank is slightly greater than 90^, the excess 
being the angle of advance. 

So that the valves will open and close quickly, 
they are driven at high velocity with consequently 
greater travel than is necessary to open and close 
the ports. The additional travel of a sliding valve is 
the steam lap and the exhaust lap. The greater the 
lap, the greater the angle of advance to obtain the 
proper timing of the valve action. 

Engine power is usually controlled by varying 
the period during which steam is admitted. A shift- 
ing eccentric accomplishes this function or, in re- 
leasing Corliss and in poppet valves, the eccentric 
is fixed and cutoff is controlled through a governor 
to the kickoff cams or latch that allows the valves 
to be closed by their dashpots. 

For high engine efficiency, the ratio of cylinder 
volume after expansion to volume before expansion 
should be high. The volume before expansion into 
which the steam is admitted is the volumetric clear- 
ance. It may be determined by valve design and 
other structural features. For this reason, valves 
and ports are located so as not to necessitate ex- 
cessive volumetric clearance. 

Indicator card. The combined action of valves 
and piston is studied by means of an indicator card. 
A card is mounted on a small drum. The drum is 
rotated back and forth by the piston rod through a 
reducing mechanism. The steam pressure in the 
cylinder actuates a pencil or stylus to move up and 
down along the card. The resulting diagram is a 
record of cylinder steam pressure as a function of 
piston position. The events of a cycle of engine 
operation can be identified on the diagram 
(Fig. 4). 

The abscissa, controlled by piston motion, is pro- 
portional to steam volume, and the ordinate is pro- 
portional to steam pressure. The area enclosed by 
the diagram is proportional to the work exerted by 
the steam on the piston. The mean effective pres- 
sure is that pressure which, if exerted during the 
full stroke, would produce the same total work as 
the actual varying pressure. From a knowledge of 
the scale of the indicator card, the value of p in the 
equation for engine horsepower can be determined. 

Efficiency of the engine depends on the decrease 
in energy in the steam between inlet and outlet 
{see Enthalpy). It also depends on thermal losses, 
diagram losses, and mechanical losses. Thermal 
losses are those due to initial condensation, in 
which part of the incoming steam condenses on the 
cylinder walls, and to radiation, in which the 
heated cylinder walls give off heat to their exter- 
nal surroundings. 

Diagram losses arise from incomplete expansion 
of the steam and from throttling during admission 
and exhaust. Mechanical losses are produced by 
the friction effects of piston in cylinder, packings, 
bearings, valves, and valve gear. Thermal losses are 
minimized by multistage expansion, superheated 
steam, and uniflow cylinder arrangements. With 
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U — steam lap 

plain slide valve (D-valve) 



Corliss steam valve' 


double ported, in opening position 



double-beat poppet valve seated in cage 
Fig. 3. Typical steam engine valves in closed positions. 
Arrows show path steam will trovei when valves 
(shaded part) open. 
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Fig. 4. Events during one cycle of piston operation, 
(a) In ideal engine, (b) As depicted on the indicator 
card of a noncondensing steam engine. 

Fiiultistafte engines, the steam can be reheated l»e- 
twe»!n stages. Kngiiie sizes are generall> limited 
ill current practice to 1000 hp, 700 fl/min piston 
s|)eed, 200 psi, and 600"F. Iw.T.] 

steam generating unit 

The complete assembly of equipment in a modern 
steam power plant which operates as a unit to pro- 
duce high-pressure, high-tempieratiire steam. 

Essential steps of the steam generating process 
comprise making heat available by combustion of 
fuel, and absorbing this heat (1) to raise the feed 
water to boiling temperature, (2) to evaporate the 
water into steam, and (3) to increase the enthalpy 
of the steam by heating it above saturation temper- 
ature. For improvement of over-all thermal effi- 
ciency air heaters recover some of the remaining 
heat from the cooled products of combustipn. 

For this aggregation of functions, the traditional 
name of boiler is inadequate and has been super- 
seded by the broader designation of .steam generat- 
ing unit. A complete unit includes fuel-burning 
equipment, furnace, and all components that ab- 
sorb heat from the products of combustion, as well 
as major auxiliary equipment such as blowers aild 
pumps required for operation (Fig. 1). 

Water-cooled furnaces are included as an inte- 
gral portion of the pressure parts of the unit. See 
Furnace (steam generating). The heat absorbing 
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surface required to form the furnace walls is fre^- 
quently sufficient to accomplish all of the evaporat- 
ing function in cases where much of the available 
heat is needed for superheating to high steam tem- 
peratures. For low superheat service, a generating 
tube bank is used to supplement the furnace walls. 
Proportioning and arrangement of the various 
classes of heating surface may be greatly diversi- 
fied in different designs to meet the requirements 
of fuel characteristics and specified final steam 
pressure and temperature conditions. 

In mo.st units, water recirculates in the gener- 
ating sections after separation of steam, the fiow 
being produced by natural circulation or, in some 
designs, being assisted by a pump. 

A different class of unit, which shows increasing 
prominence, is the forced-flow once-through steam 
generator (Fig. 2). It has no separating drum. 
Feed water enters the system, passes through heated 
continuous circuits to the outlet, being converted to 
steam and superheated in transit. The degree of 
superheat is regulated by rate of firing. This type 
of .system is mandatory for units operating above 
critical pressure because steam and water of equal 
densities will not separate. The system requires 
feed water of exceptional purity to avoid, formation 
of deposits in the heated circuits or transport of 
solids to the turbine. Such water conditions are 
now commercially attainable. Boilers of this type 
are practical for pressures above or below critical 
and provide advantages in over-all economy of 
power generation. 



Fig. 1. SiBam generating unit. 
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Fig. 2. Once-through steam generating unit. 


A modification of the once-through circuit, ap- 
plicable to units designed for operation belo\v the 
critical pressure, employs a small centrifugal sepa- 
rating drum between the generating and superheat- 
ing sections. The separated water, containing solids 
that may have entered with the feed water, is dis- 
charged from the system through a heat exchanger. 
In this arrangement, control of final steam temper- 
ature is conventional. See Boilek fekd-water 
RECIILATJON ; BoiLER WATER; ECONOMIZER AND AIR 

heater; Feed water; Fire-tube boiler; Marine 
boiler; Raw water; Reheating; Steam boiler; 
Steam separator; Steam temperature control; 
Superheater; Water-tube boiler. [f.c.e.J 

steam heating 

A heating system that uses steam generated from 
a boiler. The steam-heating system conveys steam 
through pipes to heat exchangers, such as radiators, 
convectors, baseboard units, radiant panels, or fan- 
driven heaters, and returns the resulting condensed 
water to the boiler. Such systems normally operate 
at pressure not exceeding 15 pounds per square 
inch gage (psig) and in many designs the con- 
densed steam returns to the boiler by gravity due to 
the static head of water in the return piping. With 
utilization of available operating and safety control 
devices, these systems can be designed to operate 
automatically and safely with minimum mainte- 
nance and attention. 

One-pipe system. In a one-pipe steam-heating 
system, a single main serves the dual purpose of 
supplying steam to the heat exchanger and con- 
veying condensate from it (Fig. 1). Ordinarily, 
there is but one connection to the radiator or heat 
exchanger, and this connection serves as both the 
supply and return; separate supply and return 
connections are sometimes used. Because steam 
cannot flow through the piping or into the heat 
exchanger until all the air is expelled, it is impor- 


tant to provide automatic air-ventipg valves on all 
exchangers and at the ends of all mains. These 
valves may be of a type which closes whenever 
steam or water comes in contact with the operating 
element but which also permits air to flow back 
into the system as the pressure drops. A vacuum 
valve closes against subatmospheric pressure to 
prevent the return of air. 

Two-pipe system. A two-pipe system is provided 
with two connections from each heat exchanger, 
and in this system steam and condensate flow in 
separate mains and branches (Fig. 2). A vapor two- 
pipe system operates at a few ounces above atmos. 
pheric pressure, and in this system a thermostatic 
trap is located at the discharge connection from 
the heat exchanger which prevents steam passage, 
but permits air and condensation to flow into the 
return piping. 

When the steam Ojpndensate cannot be returned 
by gravity to the boiler in a two-pipe system, an 
alternating return lifting trap, condensate return 
pump, or vacuum return pump must be used to 
force the condensate back into the boiler. In a 
condensate return-pump arrangement, the return 
piping is arranged for the water to flow by gravity 
into a collecting receiver or tank, which may be 
located below the steam-boiler water line. A motor- 
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Fig. 1. Preferred up-feed gravity one-pipe air-vent 
system. (American Society of Heating and Air-Condi- 
tioning Engineers, Inc.) 
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Fig. 2. Typical up-feed two-pipe system with auto- 
matic return trap. (American Society of Heating and 
.Air-Conditioning Engineers, Inc.) 
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driven pump controlled from the boiler water level 
then forces the condensate back to the boiler. 

In large buildings extending over a considerable 
area, it is difficult to locate all heat exchangers 
above the boiler water level or return piping. For 
ihese systems a vacuum pump is used that main- 
tains a suction below atmosphere up to 2S in. of 
mercury in the return piping, thus creating a posi- 
tive return flow of air and condensate back to the 
pumping unit. Subatmospheric systems are similar 
to vacuum systems, but in contrast provide a means 
of partial vacuum control on both the supply and 
return piping so that the steam temperature can be 
regulated to vary the heat emission from the heat 
exchanger in direct proportion to the heat loss 
from the structure. See Comfort control. [ j.w.j.j 

Steam jet ejector 

A steam-actuated device for pumping compressible 
fluids, usually from subatmospheric suction pres- 
mire to atmospheric discharge pressure, A steam 
jet ejector is most frequently used for maintaining 
vacuum in process equipment in which evapora- 
tion or condensation takes place. Because of its 
simplicity, compactness, reliability, and generally 
low first cost, it is often preferred to a mechani- 
cal vaniuiii pump for rtunoving air from condensers 
serving steam turbines, especially for marine serv- 
ice. 

Principle. Compression of the pumped fluid is 
accomplished in one or more stages, depending 
upon the total compression required. Each stage 
consists of a converging-diverging steam nozzle, a 
suction chamber, and a venturi-shaped diffuser. 
Steam is supplied to the nozzle at pressures in the 
range of 100 to 250 psig. A portion of the enthalpy 
of the steam is converted to kinetic energy by ex- 
panding it through the nozzle at substantially con- 
stant entropy to ejector suction pressure where it 
reaches velocities of from 3000 to 4500 ft /sec. The 
air or gas, with its vapor of saturation, which is to 
he pumped and compressed is entrained, primarily 
hy friction in the high-velocity steam jet. The im- 
pulse of the steam produces a change in the mo- 
mentum of the air or gas vapor mixture as it mixes 
with the motive steam and travels into the converg- 
ing section of the diffuser. In the throat or most 
restricted area of the diffuser, the energy transfer 
is (completed and the final mixture of gases and 
vapor enters the diverging section of the diffuser, 
where its velocity is progressively reduced. ^Here a 
portion of the kinetic energy of the mixtOre is re- 
converted to pressure with a corresponding increase 
in enthalpy. Thus the air or gas is compressed to a 
higher pressure than its entrance pressure to the 
ejector (see Diffuser). The compression ratios 
selected for each stage of a steam jet ejector usu- 
ally vary from about 4 to 7. 

Application. Two or more stages may be ar- 
ranged in series depending upon the total compres- 
sion ratio required (Fig. 1). Two or more sets of 
series stages may be arranged in parallel to ac- 
commodate variations in capacity. 


steam chest ^ , steam 

and stroiner injection water Inlet supply 



Fig. 1. Typical multistage steam jet ejector with con- 
tact barometric condensers, first and second stage con- 
densing, third stage noncondensing. 


Vapor condensers are usually interposed between 
the compression stages of multisiage steam jet 
ejectors to condense and remove a significant por- 
tion of the motive steam and other condensable 
vapors (Fig. 2). This action reduces the amount of 
fluid to be ('orn pressed by the next higher stage and 
results in a reduction in the motive steam required. 
Both surface and contact type vapor condensers are 
used for this purpose. See Condensf.r, vapor. 

Ejectors used as air pumps for st€*am condensers 
that serve turbines are usually two stage and are 
equipped with inter- and after-condensers of the 
surface type. The steam condensed is drained 
through traps to the main cbndenser and returned 
to the boiler feed system. Ejectors used as vacuum 
pumps in process systems may be equipped with 
either surface condensers or contact condensers of 
the barometric type between or after stages or 
both. They may be single or multistage machines. 
High vacuum process ejectors with as many as 
seven stages in series have been built. Industrial or 
process ejectors are frequently used instead of me- 
chanical vacuum pumps to pump corrosive vapors 
because they can be manufactured economically 
from almost any corrosion resistant materiaL 
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Fig. 2. Typical twin-element multistage steam jet ejec- 
tor with surface inter- and after-condenser, first and 
second stages condensing. 

The number of stages of compression usually 
used for various suction pressures with atmos- 
pheric discharge pressure is as follows: 

No. of ejector stages Range of suction pressure 

1 3-30 in. Hg abs 

2 ().4--4 in. Hg abs 

3 1 -25 mm Hg abs 

4 0.15-3 mm Hg abs 

5 20 -300 p. 

6 5-20 p 

7 1-5 p 

Ejectors are also made which use air or other 
gases instead of steam as the energy source. 1 j.f.s.] 

Steam separator 

A device for separating the mixture of steam and 
water discharged into the drum by the generating 
circuits. In low-pressure boilers, gravitational forces 
are usually sufficient to produce separation and 
establish a water surface, which is normally main- 
tained at the center of the drum. 

In the higher ranges of pressure, however, with 
progressive decrease in density differential be- 
tween water and steam, and with the accompanying 
use of thick-walled drums of small diameter, the 
force of gravity is insufficient to prevent the carry- 
over of water droplets in the outgoiij|g steam or en- 
trainment of steam bubbles in the downcomer flow, 
both of which are undesirable. 

Baffle arrangements are frequently installed to 
deflect the water away from the steam outlet. Vir- 
tually complete separation can be obtained in high- 
duty units by use of cyclones (as illustrated) or 



similar centrifugal devices, which utilize the en- 
ergy of riser discharge to create separating forces 
several times that of gravity. Extremely small li<I‘ 
uid droplets can be removed by passing the steam 
at low velocity through scrubber baffles, composed 
of closely spaced intermeshed corrugated plates, 
which present sinuous flow paths and a large sur- 
face area for liquid interception and adherence. 
Steam washers may also be used. See Boiler wa- 
ter. * [f.g.eJ 
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Steam temperature control 

Adjustments to a steam generating unit to produce 
steam at the required temperature. Among the fac- 
tors that affect the performance of a steam gener- 
ating unit are ash or slag deposits on the heating 
surface, changes in the proportioning of fuel and 
combustion air, or changes in feed-water tempera- 
ture. Abnormally low steam temperature results in 
lowered efficiency of the power generating cycle, 
while limits to high temperature are imposed by 
the strength and durability of materials used in su- 
perheater construction. Steam temperature control 
is therefore a matter of primary concern in the 
design of complex modern units. 



(o-cf) Means for controlling steam temperature. 


Regulation of steam temperature may be accom- 
plished by several means (as illustrated). Chief of 
these are (a) diverting or bypassing part qjtHhe 
gases around the superheater by means of adjust- 
able dampers; (6) selective use, or altered position 
or direction, of burners to change location of 
combustion zone; (c) controlled attemperation or 
desuperheating of steam between the primary and 
final stages of the superheater, by injection of wa- 
ter spray, or passage of a portion of the steam 
through a heat exchanger submerged in the boiler 
water; and (d) mixing of recirculated cooled flue 
gases with the gas stream ahead of the superheater. 
. These methods of control may be adjusted manu- 
I ally or automatically. See Furnace (steam cen- 
[ ; Steam generating unit. [f.g,e,] 


Steam turbine 

By far the most widely used and greatest power- 
producing turbines are those driven by steam. The 
turbines convert the energy in the steam into ro- 
tating energy of an output shaft. The steam can be 
generated in boilers using a wide variety of fuels 
in as large quantities as may be desired to produce 
the required power, and the power produced is not 
dependent upon the availability of large quantities 
of water with an available head as is required for a 
water turbine, or a strong and steady wind as for a 
windmill. Steam turbines aggregating at least 10,- 
000,000 horsepower capacity are built in the world 
every year; they range in size from a few horse- 
power to several hundred thousand horsepower. 
Manufacturers of steam turbines are located in 
every industrial country. 

Turbine parts. The steam turbine consists of 
the following essential parts (Fig. 1): 

1. A casing, or shell, usually divided at the hori- 
zontal centerline, with the halves bolted together 
for ease of assembly and disassembly, and contain- 
ing the stationary blade system. 

2. A rotor, carrying the moving blades (buckets 
or vanes) either on wheels or drums, with bearing 
journals on the ends of the rotor. 

3. A set of bearings attached to the casing, to 
support the shaft. 

4. A governor and valve system for regulating 
the speed and power of the turbine by controlling 
the steam flow, and an oil system for lubrication* of 
the bearings and, on all but the smallest machines, 
for operating the control valves by a relay system 
connected with the governor. 

5. A coupling of some sort to connect with the 
driven machine. 


speed-control governor 
(connection to steam- 
control valves not shown) 



Fig. 1. Cutaway view of smalli ilngloiitago stoom tur- 
bine. (General Eleefnc Co.) 
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6. Pipe connections to a supply of steam at the 
inlet^ and to an exhaust system at the outlet of the 
casing or shell. 

Turbine types. Steam turbines are classified in 
various ways: (1) by mechanical arrangement, as 
single casing, cross compound (more than one 
shaft side by side), tandem compound (more than 
one casing with a single shaft) ; (2) by steam flow 
direction — nearly all turbines are built for axial 
flow, though there are some with radial flow; 
(3) by steam cycle, that is, condensing, noncon- 
densing, automatic extraction, reheat; (4) by 
number of exhaust flows of a condensing unit, as 
single, double, triple flow, and so on. Units with as 
many as six exhaust flows have been built. Often a 
machine will be described by several of these 
terms. 

The simplest type of steam turbine has one 
stage; that is, one row each of stationary and of 
moving blades (Fig. 1). Such turbines are com- 
monly used for power outputs of a few hundred 
horsepower at most, with moderate inlet pressures 
and temperatures, and for atmospheric or higher 
pressure at the exhaust. Under these conditions it 
is possible to use the steam with adequate effi- 
ciency in a single stage. 


For large power output, and for the high inlet 
pressures and temperatures and low exhaust pres- 
sures which are required for good thermal effi. 
ciency, a single stage is not adequate. Steam under 
such conditions has high available energy and for 
its efficient utilization the turbine must have many 
stages in series, each taking its share of the total 
energy and contributing its share of the total out- 
put. Also, under these conditions the exhaust vol- 
ume flow becomes large, and it is necessary to 
have more than one exhaust stage to avoid a high 
leaving velocity and consequent high kinetic en- 
ergy loss; for example, a large turbine may have 
three exhaust stages in parallel (Fig. 2). Between 
the designs shown in Figs. 1 and 2 are many sizes 
and arrangements to meet as many operating re- 
quirements. 

Steam requirements. .Steam inlet pressures 
vary widely. Up to 1000 hp, inlet pressures of 100 
400 lb per sq in. gagij are common; from 1000 
to 10,000 hp, 300-800 lb; from 10.000 hp to 100.- 
000 kw, 600-2000 lb; above 100.000 kw, 1200- 
3500 lb. A few developmental units use pressure^j 
ranging up to 5000 ib per sq in. Steam tempera- 
tures on small units range up to 800®F. and on the 
larger machines up to 10.50°F, with again a few 
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Fig. 2. Partiol cutaway view of 200,000 kw, 3600 rpm, tandem-com- 
pound, triple-flow reheat steam turbine with direct connected electric 
generator. {General Electric Co.) 
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Fig. 3. Approximate efficiency of typical steam tur- 
bine stages. 

at 1 lOO^'F, and at least one large unit designed for 
1200’ F. 

The blade system is the principal part of the 
turbine; it is the part that extracts power from the 
finwing steam. The basic requirements to be satis- 
fied by a steam turbine in producing a given 
amount tif power from steam at given conditions 
are listed below. 

1. The turbine must pass the necessary flow of 
^leam so that the power output is practically pos- 
sible. 'Hie required rate of steam flow is propor- 
tional to the developed power and inversely pro- 
portional to the available energy in the steam and 
llic turbine efficiency. 

2. The turbine must he provided with suftirient 
number and diameter of rotating blade rows so 
I hat. at the desired speed of rotation, the ratio of 
blade speed to steam speed will yield a satisfactory 
clfu icncy ( Fig. 3 ) . 

3. Each stage must be so proportioned that the 
steam passing through it will be at the desired 
pressure and will acquire the desired velocities in 
the stationary and moving blade rows, so that the 
total energy will be divided as desired. 

4. The exhaust end stages must be large enough 
in area .so that the steam may leave them without 
excessive velocity. As mentioned before, this re- 
quirement gives rise on large units to multiflo\^ ex- 
haust ends. 

5. The design rotative speed must be selected; 
J'oinetimes the turbine is arranged to drive through 
^ gt^ar, in which cases the turbine speed can be 
chosen independently of the speed of the driven 
Juachine, with the gear ratio being chosen to suit. 
On alternating-current generator drives, the speed 
of the generator is fixed by the number of poles 
in the generator and the desired frequency, and 
the turbine speed is usually fixed at the required 
generator speed except for small-power units 
'vhere gears may be used. 
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4 The turbine, in order to have good efficiency, 
must have a sufficient number of stages of a large 
enough diameter to accommodate the total energy al- 
lotted to the machine with a velocity ratio suffi- 
cient to achieve the efficiency. It will be evident 
that this objective can be attained with small-di- 
ameter wheels at high rotative speeds, and, con- 
versely, requires larger wheels at lower speeds. 
Since in general the amount of material in the 
turbine varies about as the cube of its diameter, 
the smallest, lightest-weight machine will gener- 
ally be the one with the highest rotative speed. 

Application requirements. Steam turbines are 
used for a very wide variety of power drives. The 
very largest, 500,000 kw, as well as smaller ma- 
chines, ranging down in size to 1000 kw, are used 
to drive electric generators for electric power. In 
sizes up to 70,000 hp steam turbines are used for 
driving ships" propellers. The drive is through re- 
duction gearing since the turbine speed is always 
higher than desirable for a marine propeller. They 
are used for practically all other types of mechani- 
cal drives as well, including pumps, blowers, air 
and other gas compressors, and paper machines. A 
useful feature in many of these applications is 
the fact that the turbine ( an he equipped .with an 
adjustable-speed governor, and thus be made capa- 
ble of producing power over a wide range of 
rotative speed. Its efficienev varies with speed 
(Fig. 3). 

It is also easily possible, and in some applica- 
tions very useful, to extract steam from the tur- 
bine intermediate between its inlet and its exhaust, 
for heating purposes or for process work. The tur- 
bine valve system can he made to control the pres- 
sure (and therefore the temperature) of this ex- 
tracted steam quite closely, which is valuable in 
controlling chemical processes and in paper mak- 
ing. The turbine can be made to exhaust at a de- 
sired pressure to process equipment instead of to 
the atmosphere or to a condenser. 

Large turbines for electric power production are 
designed for the efficient use of steam in a heat cy- 
cle that involves extraction of steam for feed-wa- 
ter heating, resuperheating of the main steam flow, 
and exhausting at the lowest possible pressure 
consistent with the temperature of the available 
condenser cooling water. Such machines are built 
with more than one casing, and usually with more 
than one exhaust stage (Fig. 2) . 

Machine requirements. In addition to these 
broad requirements, there are several basic charac- 
teristics that determine the general arrangement 
of a steam turbine. 

Centrifugal stresses. Because the steam turbine 
is essentially a high-speed machine, the rotating 
parts are of necessity designed with centrifugal 
stress very much in mind, although in ^ome cases 
this may not be limiting. This consideration gives 
rise to radially tapered blades, and various designs 
of strong attachments for rotor blades to rotors. 
The most difficult problems of this kind are asso- 
ciated with the longest blades in the exhaust end, 


SB SiMiii furbim 


stator 1 

1 Stator 

1 

1 

rotor 1 

w 1 

1 

1 (•») 

stator 1 

1 Stator 

1 

fmr 

(e) 1 

! (d) 


Fig. 4. (a^d) Typical labyrinth seals. Seals (a) and 

(c) offer most resistance when flow is from left to right. 

or with the hottest blades at the inlet end. 
Stresses in wheels or rotor bodies are also often 
limiting. 

Casing or shell stresses. The high pressure at the 
inlet must be contained in a properly strong cas- 
ing or shell; these casings become quite massive, 
especially on large units at high steam pressures. 
This casing must also be split at the horizontal 
centerline for assembly and maintenance, and the 
halves bolted together to be leak-tight. The smaller 
the casing diameter, the easier will this be to ac- 
complish, so for high-pressure turbines there is a 
definite advantage to small-diameter high-speed 
rotors. Sections of large turbines are often made 
with double shells, an inner one with high pressure 
inside and surrounded by an intermediate pressure 
which is contained by the outer shell (Fig. 2). 
Many large bolts are required to hold these shells 
together against the high inside steam pressure. 

Rotor blades or buckets. The blades must be 
strong enough to withstand high centrifugal forces 
and vibration. Any blade row, and especially the 
rotor blades, may vibrate in one of a number of 
modes, each mode having a different frequency. If 
a mode happens to be resonant with a stimulus 
from the steam forces, a destructive vibration may 
ensue. Care must be used in design to avoid such 
a condition; if it is not possible to avoid all such 
vibrations, as is apt to be the case with a variable- 


speed turbine, the blades must be made strong 
enough to withstand the vibrations that do occur. 

Shaft sealing against steam leakage. It is neces- 
sary to minimize to the greatest possible extent the 
leakage of steam along the shaft, both at the shaft 
ends, where the leakage is to the atmosphere, and 
between the stages, where the leakage flow can 
bypass the blade system and therefore reduce the 
efficiency. However, it is not possible to eliminate 
this leakage completely, because the shaft periph- 
eral velocity is so high that any direct contact 
between it and a stationary member will generate 
enough heat to melt down the rubbing member and 
possibly badly distort the shaft as well. The seals 
therefore take the form of labyrinths with rather 
thin sharp teeth on at least one of the members 
(Fig. 4). In normal operation these members do 
not touch but run with a small clearance. The 
turbine is so designed ^at the running clearances 
in the shaft sealing labyrinths are as small as pos- 
sible. In case of rubbing contact, which may hap- 
pen accidentally, the sharp teeth can wear away 
without generating sufficient heat to distort the 
shaft. It is practical to construct the turbine with 
the radial clearance between the stationary and ro- 
tating teeth of the labyrinth no greater than .010- 
.015 in. on small and medium size turbines, and 
.030-.040 in. on large machines. 

Shaft vibration and alignment. The shaft and 
bearings must he as free as possible of critical 
speeds in the range where the turbine is to oper- 
ate. Tile shaft must also be stable and iv^main in 
balance once a good balance has been achieved. 
Part of the solution to this problem of balance lies 
in the design of the bearings and part also in the 
design ol^ the turbine foundation and means for 
maintaining proper bearing alignment. 

Governing. Turbines usually have two governors, 
one to control speed and one to limit possible over- 
speed. The speed control governor may be of any 
kind that will give a signal whose strength or posi- 
tion is a function of speed of the turbine. Flyball 
governors of refined design, and hydraulic gover- 
nors whose essential part is a centrifugal pump, 
are both used extensively. In either case, for all 
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Fig. 5. Radial and tangontial sections through the 
stationary and rotating rows of buckets of a stage from 
a large turbine. 
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but the smallest machines, the governor signal 
must be power-relayed to furnish large enough 
forces to position the steam control valves accu- 
rately. closing them when the speed increases and 
opening them when the speed decreases. The speed- 
limiting governor, or overspeed governor, is so 
made as to go through its full stroke immediately 
if the turbine speed reaches a predetermined value 
above normal speed, usually about 10%. It is made 
to actuate a quick-closing emergency stop valve. 

These two kinds of governors and their separate 
valve systems offer two lines of defense against 
a possible disastrous overspeeding should the tur- 
bine suddenly lose its load. Steam turbines cannot 
usually be designed to be safe at runaway speed. 
The governor systems are designed with great at- 
tenlion to their reliability. 

The governors and the valves which they control 
are fast in action; the valves will usually travel 
from wide open to fully closed in a fraction of a 
second (.see Governor) . 

Oiling system. The turbine shaft runs at a high 
vppod and its bearings must he positively and con- 
tinuously supplied with oil; they will burn out 
iiuickly if ihe oil supply fails. The integrity of the 
oil system must be assured; two oil pumps, a main 
[Minip and a standby, driven by separate power 
sources, are usually provided on all but the small- 
est rnacliines. The oil will also usually he used as 
a hydraulic power fluid to operate the steam con- 
trol valves. It is customary to provide for closing 
the steam control valves to shut down the turhine 
if the oil supply pressure fails. 

4ern(fynamir design of blade system. The blad- 
ing design for highest eflieiency, especially for the 
larger sizes of turbines, draws upon modern aero- 
dynamic theory. Classic forms of impulse and re- 
action blades merge together in the three-dimen- 
-ijuial design required by modern concepts of loss- 
ftec fluid flow. To meet the theoretical steam flow 
requirements, and to minimize centrifugal forces 
on the nilor blades and their atta<^hments, the sec- 
tions change in shape along a blade (Fig. 5) . 

Materials used in steam turbines. The mate- 
rials tised in the making of a steam turbine must 
be sound, strong, and of the best quality. Casings 
or shells are almost always made of cast steel, and 
for the higher pressures and temperatures, it is al- 
loyed with molybdenum, vanadium, chromium, and 
'sometimes other elements for greater strength. 
Small turbine casings, for the lower range of tem- 
peratures, may be of a good grade of cast jRon, 
and the low-pressure casings of large machines 
may also be of this material. The rotors are steel 
forgings, alloyed as may be necessary for greater 
‘Strength with some of the materials mentioned 
above. The rotor may be built up, that is, made of 
•separate wheels shrunk on a shaft, or it may be 
machined, wheels and all, out of one solid large 
forging, or it may be a number of disks welded to- 
gether. The blades, both stationary and rotating, 
are usually of a low-carbon 12-13% chrome steel, 
which is very rust-resistant. [p.h.k.] 


Stearate 

A salt (soap) or ester of stearic acid having the 
general formula 

0 

/ 

CirHgftC— O -M or — R 

and formed by replacing the carboxylic hydrogen 
by a metal (M) to give a salt, or by an organic 
radical (R) to give an ester. Stearates occur in 
nature chiefly as the glyceryl ester, found in sub- 
stantial amounts in animal and vegetable fats. The 
esters of long-chain alcohols are known as waxes. 
Other esters of monuhydric and polyhydric alco- 
hols are used in cosmetics, lacquers, and nonionic 
surface-active agents. Alkali-metal salts are water 
soluble, and with the similar oleates and palmitates 
are the major components of toilet and laundry 
soaps. Other metal salts are used in paints, water- 
proofing, pharmaceuticals, cosmetics, and fungi- 
(?ides. See Fat and oil, edible; Fat and oil, non- 
edible; Soap and detergent; Wax, animal and 
vegetable. r E.H.H.] 

Steel 

Ferritic steels are those having a body-centered 
cubic crystal lattice at room temperature, as dis- 
tinguished from austenitic steels which have a face- 
centered cubic lattice at room temperature. Fer- 
ritic steels constitute about 99% of the steel output 
of the United States. Steel is the basic industrial 
material of the twentieth century. 

Known for its great strength, steel is an alloy of 
iron and carbon. Iron itself is not particularly 
strong, but its abundance and the remarkable in- 
crease in strength whi(‘h becomes possible when 
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Fig. 1. EfFact of carbon content on the tensile prop-* 
erties of hot-worked carbon steels. 
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iron is alloyed with carbon have given steel its 
preeminent place. About 92% of all steel is plain 
carbon steel ; the remainder is alloy steel in which 
iron is alloyed not only with carbon but also with 
varying amounts of such alloying elements as man* 
ganese, nickel, chromium, molybdenum, and vana- 
dium. 

A large proportion of the plain carbon steels is 
used in the hot*rolled or forged condition, without 
any further treatment such as reheating and 
quenching. Figure 1 shows the effect of carbon 
content on the tensile properties of hot-worked car- 
bon steels. The yield and tensile strengths increase 
with increasing carbon content, but the ductility, as 
indicated by the per cent elongation and reduction 
of area, decreases. Thus, to guard against brittle 
behavior the carbon content of steel must not be 
raised unduly. Steels containing about 0.25% car- 
bon are classed as mild steels, those with 0.45% 
carbon as medium steels, and those with about 
0.7% carbon and higher, as higher-carbon steels. 
The higher-carbon steels in particular, and some of 
the lower-carbon steels as well, are generally used 
in the heat-treated condition. 

The tensile properties in Fig. 1 can be improved 
greatly by heat treatment, that is, by reheating the 
steel to above its critical temperature and cooling 
at various rates, particularly by rapid cooling as 
by water quenching. 
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Fig. 2. Critical temperatures in plain carbon steels 
and constituents present in the various iron-carbon 
alloys upon slow cooling. 

iron-carbon phases. Figure 2 shows the critical 
temperatures in plain carbon steels, and indicates 
the constituents present in the various iron-carbon 
alloys upon slow cooling. In slowly cooled steel, 
the carbon is present as a hard iron-carbon com- 
pound (iron carbide, Fe:{C) called cementite. In 
steels with less than about 0.8% carbon, the carbon 
is incorporated in the carbon-bearing constituent 
called pearlite, which consists of alternate lamellae 
of ferrite and cementite. In the steels with less than 


0.8% carbon, the constituents present are lerrite 
and pearlite as indicated below the line Ax in 
Fig. 2. In the steels containing more than 0.8% 
carbon, ferrite is no longer present; iii these steels 
up to 0.8% of the carbon is present in the form of 
cementite lamellae in pearlite, while the rest of the 
carbon forms cementite boundaries about the pearl- 
ite grains. 

The appearance of the ferrite, pearlite, and 
cementite constituents in a range of steels of in- 
creasing carbon content up to 1.2% carbon is 
shown in Fig. 3. As the content of carbon increases, 
the amount of pearlite increases, and above 0.8% 
carbon cementite appears. At the relatively low 
magnification of XlOO in Fig. 3, the alternate 
lamellae of ferrite and cementite of which pearlite 
is composed are not resolved, and the pearlite ap- 
pears merely as dark areas. A magnification of 
X500 and over is generally required to resolve 
pearlite clearly. 

Figure 1 shows the strengths of slowly cooled 
carbon steels. A much higher brder of hardness is 
obtainable if the steel is cooled very rapidly from 
above its critical temperature. Such rapid cooling, 
as by quenching the hot steel in cold water, is 
what is meant by hardening. 

Figure 2 explains what takes place in the quench- 
hardening of steel. At temperatures above the line 
A'a in Fig. 2 the steel is in the austenitic form, and 
not as ferrite and cementite. Hardening can occur 
mainly because the austenitic form of iron can hold 
a large amount of carbon in solution (2% carbon), 
whereas ferrite can hold only a minute amount of 
carbon in solution (0.035% carbon). Tf a steely 
cooled slowly from above the critical temperature, 
the carbon can separate when the critical tempera- 
ture is traversed, and the austenite changes to 
ferrite and (lem^tite. However, when the steel is 
cooled very rapidly through the critical tempera 
lure, there is not time enough for the cementite to 
separate. The austenite transforms to ferrite but 
the cementite does not separate. The bulk of the 
cementite is, therefore, retained in the ferrite in 
supersaturated solution, although some of the 
cementite precipitates as an extremely fine (sub- 
microscopic) dispersion. The extreme hardness of 
quench-hardened steel may be attributed to the 
supersaturated solution and fine dispersion of the 
cementite in the ferrite. 

The constituent which forms in quench-hardened 
steel is called martensite. At about X500 magnifi- 
cation, martensite can be distinguished from pearl- 
ite in slowly cooled steel by its acicular needlelike 
structure. Martensite is extremely hard and is the 
structure desired in steel for metal-cutting tools, 
files, and cutlery. Extreme hardness generally 
notes brittleness. Thus, a.s-quenched martensite 
may be too brittle. Quench-hardened steel can be 
made tougher and less brittle by heating it aftet 
quenching. Such heating is called temperinfi* 
Within limits, the higher the tempering tempeM' 
ture, the softer, less brittle, and tougher is the steel. 
The quenched and tempered structure is, therefor* 
the commonly sought structure in heat-treat^ 
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The tempering temperature is determined by 
the hardness recpiired in the finished article. P’or 
^‘xtrenie hardnessS the tempering temperature may 
h»‘ about -lOO^F ; for great toughness the tempering 
temperature may be as high as 1200°F. During 
tempering the cementite separates from the mar- 
tensite. and at the higher tempering temperatures 
It coalesces into globular particles large enough to 
, e resolved in the microscope. 

Just as the carbon content of the steel deter- 
nnnes the strength in the slowly cooled steels, as 
1. so also does the carbon content 
ctermine the hardness and strength in the quench- 
I steels. This is shown in Fig. 4r the 

[ . C penetration hardness of the steels be- 

indicated at the left and the corresponding 


tensile strength at the right. The quenched hard- 
ness rises rapidly with carbon content. A steel as 
low in carbon as 0.20% has a Rockwell C hardness 
of 50, corresponding to about 245,000 psi tensile 
strength. At 0.60% carbon the hardness is 65 Rock- 
well C, corresponding to about 450,000 psi tensile 
strength. There is only a relatively small further 
increase in hardness with further increases in car- 
bon content. 

Alloy stools. In general the alloy elements in 
alloy steel make only a minor contribution to the 
attainable hardness after quenching; the hardnese 
depends^ mainly on the carbon content. The im- 
portant effect of the alloying elements lies not in 
increasing the hardness but in slowing down the 
rate at which austenite transforms to ferrite and 
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Fig. 4. Relation of hardness and tensile strength to 
carbon content in steels rapidly quenched from above 
the critical temperature. 


cementite during cooling through the critical tem- 
perature region. As a result, instead of requiring 
extremely fast cooling to produce martensite as in 
plain carbon steel, very much slower cooling is 
sufficient to produce martensite in alloy steel. This 
characteristic of the alloying elements in alloy 
steel determines thehardenabilily of the steel. 

A 1-in. diameter bar of plain carbon steel, heated 
to above the critical temperature and then 
quenched in cold water, will cool rapidly enough 
to form martensite only at the surface. Martensite 
will be formed only to a depth of about % in. In 
the interior of the plain carbon steel bar the rate 
of cooling even in cold water will be too slow to 
form martensite. On the other hand, in a bar 1 in. 
in diameter of all<»y steel similarly water-quenched 
or even more slowly cooled as by quenching in oil, 
martensite will form throughout the bar. It is not 


always desirable to quench steel parts drastically 
in water, because this may cause warpit^ and 
cracking; milder quenching, as with oil, may there- 
fore be preferred. 

The main function of the alloying elements is to 
increase the hardenability, that is, to maki^ pos. 
sible deep or full martensitic hardening thtough- 
out large sections. Steel that is fully martensitic 
after hardening is definitely tougher after temper- 
ing to a given hardness than steel that is only 
partly martensitic after hardening and then tem- 
pered to the same given hardness. 

Before 1940, knowledge about hardenability was 
obtained by quenching round steel bars and ob- 
serving the depth of hardening, or, preferably, by 
making bars of varying diameters and testing to 
see which would harden clear through. This was u 
cumbersome task and the concept of hardenability 
remained essentially qualitative. In more recent 
years, however, the Jominy test procedure has come 
into extensive use. This consists of quenching the 
end of a 1-in. round bar 4 in. bl^g and determining 
the hardness at intervals along the length of the 
bar, beginning with the quenched end. The distance 
from the quenched end to which the steel harden.^ 
is thus obtained. These results can be related to 
the cooling rates at the various distances from the 
quenched end and this in turn to the diameter of 
the bar which will fully harden to its center. In this 
way fairly precise quantitative multiplying factors, 
indicating the degree by which a given per cent of 
an alloying element will increase the hardenability, 
have been determined. Such multiplying factors 
are given below for the following alloying ele- 
ments, arranged in the order of their increasing 
effect on hardenability, when 0.5% of the alloying 
element is present in a steel of the same carbon 
content and grain size: Ni, 1.18; Si, 1.35; Cr, 2.08: 
Mo, 2.50; and 2.67. 

Such precise methods of determining hardenabil- 
ity have been of aid in demonstrating the remark- 
ably strong effect of boron. In medium carbon 
steels, 0.001% boron increases the hardenability as 
much as 0.25% of chromium. The explanation for 


Analyses of some standard engineering steels* 

Designation, 

SAE 


number 

c% 

Mn% 

p% 

S% 

Si% 

Ni% 

Cr% 

Mo% 

C 1006 

0.08 max 

0.25-0.40 

0.040 max 

0.0.50 max 





C 1012 

0.10-0.15 

0..30 0.50 

0.010 max 

0.050 max 





B 1111 

0.08-0.1.3 

0.70-1.00 

0.07-0.12 

0.10-0.15 





C llJl 

0.08 0.13 

0.60-0.90 

0.045 max 

0.16-0.23 





A 2317 

0.15-0.20 

0.40 0.60 

0.040 max 

0.0 to max 

0.20-0.35 

3.25-3.75 



A 3140 

0.38 0.43 

0.70-0.90 

0.0 10 max 

O.OiO max 

0.20 0.35 

1.10-1.40 

0.55 -0.75 


A 4068 

0.64-0.72 

0.7.5-1.00 

0.040 max 

0.040 max 

0.20 0.,35 



0.20-0.30 

A 5120 

0.17-0.22 

0.70 0.90 

0.040 max 

0.040 max 

0.20-0.35 


0.70 0.90 


K 52J01 

0.95-1.10 

0.25-0.45 

0.025 max 

0.025 max 

0.20-0.35 


1.30 1.60 


A 8612 

0.10-0.15 

0.70-0.90 

0.040 max 

0.040 max 

0.20-0.35 

0.40 0.70 

0.40-0.60 

0.1.5-0.25 

E 9320 

0.18-0.23 

0.45-0.65 

0.025 max 

0.025 max 

0.20 -0.35 

3.00-3.50 

1.00-1.40 

0.08-0.15 

NE 9768 

0.64-0.72 

0.50 0.80 

0.040 max 

0.0 to max 

0.20-0.35 

0.40-0.70 

0.10-0.25 

0.15-0.25 

A 9262 

0.55-0.65 

0.70 1.00 

0.040 ma;&‘. 

0.040 max 

1.80-2.20 


0.25-0.40 



* Charles M. Parker, Standard engineering steels. Metals and Alloys, Septeml)er, 1945. 



this exceptionally strong effect of boron appears to 
be that boron concentrates in the grain boundaries 

the steel, a particularly favorable location for 
slowing the rate of transformation of austenite to 
ferrite and pearlite during quenching. The analyses 
of some commonly used steels are shown in the 
table. 

The foregoing briefly reviews some of the main 
generalizations of the physical metallurgy of the 
ferritic steels. Not only such general principles, 
but also the technical skills and inventiveness of 
the steel-producing and -consuming industries have 
played their part in the development of the myriad 
of different steel products. Each of these products 
has its special qualities, and for expertness differ- 
ent men have to specialize in each of them. Thus, 
some metallurgical engineers specialize in sheet 
steel products, others ifi structural steel, in plate, 
in pipe, in the various kinds of carbon and alloy 
steel liars, in tool and die steel, in wire and wire 
products, in railroad rails, wheels, and axles, and 
in large forgings. See Ferroalloy; He at- treat- 
ment (METALS and ALLOYS ) ; IrON ALLOYS; 
MtfAI, MECHANICAL PROPERTIES OF. [s.EP.] 

Rihliographyi American Society for Metals, 
Metals Handbook, 1948; D. K. Bullens. Steel and 
Its Heat Treatment, 5th ed., vols. 1 3, 1948-1949; 
S. Kpstein, The Alloys of Iron and Carbon, vol. 1, 
1936; M. E. Shank. Control of Steel Construction 
to Atoid Brittle Failure, 1957; F. T. Sisco, The 
lllnys of Iron and Carbon, vol. 2, 1937; U.S. Steel 
Corporation, The Making, Shaping, and Treating 
of Steel, 7th ed., 1957. 

Steel manufacture 

The manufacture of steel is a tremendous industry 
Hith extensive ramifications resulting from the com- 
plex interrelation of technical and economic con- 
siderations. The world production for 1957 was 
322,000,000 tons. The United States has been the 
largest single producer since 1890 and produced 
1 12,700.000 tons in 1957, or 35 of the total. 

Raw materials and products. Strict chemical us- 
age designates the pure element iron as Fe. but in 
the ferrous industry this term generally refers to 
the product of the iron blast furnace. See Iron 
(IXFR ACTION FROM ORF.). This is a complex alloy 
containing about 6% of other common elements 
\\hose distribution depends on the raw materials 
and operation of the particular blast furnace, but 
which can be represented by a typical analysis: 
arbon (C), 4.5%; silicon (Si), 1.5%; manga- 
nese (Mn), 0.8%; phosphorus (P), 1.0%; sulfur 
( S ) , 0.03% ; and many minor impurities. The varia- 
tion of the Si and P, in particular, makes this prod- 
uct more or less suitable for a specific steelmaking 
process. As this molten product comes from the 
blast furnace at a temperature of about 1400® C 
(2600®F), it is called hot metal and is sent directly 
to the steelmaking operations to be described. If 
the product is solidified in small molds for con- 
venient handling, it is called pig iron, or solidified 
in useful shapes such as car wheels, it is called 
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cast iron. Cast iron is relatively brittle anil has 
only limited commercial applications aocounting 
for le^ than 10% of all the iron made. * 0108 , the 
steelmaking processes consume most of the iron 
made, and nearly all of this is in the form of hot 
metal. Companies which use their blast-furnace 
product in this way are referred to as integrated 
companies. However, this blast-furnace iron pro- 
vides only about one-half of the metallic raw mate- 
rial for the steel industry. The other half is obtained 
from scrap produced in subsequent manufacturing 
operations and from obsolescence of steel products. 
Because the iron units in this scrap are cheaper 
than from the blast furnace, the ability of a steel- 
making process to use more or less scrap advan- 
tageously is another important characteristic of the 
process. 

The steels designated as plain carbon steels gen- 
erally contain less than 0.8% C, minimum amounts 
of P, S, and suitably adjusted amounts of Si and 
Mn. Low-alloy steels, with small additions of other 
elements such as nickel (Ni), chromium (Cr), 
and molybdenum (Mo) ordinarily totaling less 
than 5%, are usually made by the same processes 
as plain carbon steels. The high-alloy steels, such 
as stainless containing 18% Cr and 8%) Ni, require 
special processes. 

A special group of materials known as ferroalloys 
constitute the major source of alloy additions for 
all grades of steel. However, in many cases, these 
alloying metals are also available and used in rela- 
tively pure forms, such as electrolytic nickel. See 
Ferroalloy. 

The melting point of pure iron is 1535®C. This 
is modified somewhat by the alloys present in com- 
mercial steels, but in order to provide proper pour- 
ing conditions for both ingots and castings, it is 
generally necessary to reach temperatures in the 
range 1550 1650®C in all steelmaking processes. 
These high temperatures place serious limitations 
on the refractories which can he used. Thev also 
require the most efficient use of heat, whether it 
is derived from combustion of fuel, electricity* or 
thermochemical reaction. Iron and steel products 
have been used bv man since antiquity, but steels 
could not be made in tonnage quantities before 
1850. 

Thus, the various modern steelniaking processes 
have been developed because of their combined 
attributes for the use of available raw materials, 
the production of specific grades of steel, and the 
efficient use of energy and refractory combinations. 
These features will become evident in the descrip- 
'tion of the major processes. 

Classification of processes. From a chemical 
standpoint, all steelmaking processes may be classi- 
fied as acid or basic, depending upon the refractory 
and slag combination, each having particular at- 
tributes with regard to the refining which it can 
accomplish. 

Acid processes use silica (Si 02 ) refractories 
throughout, and are able to accommodate slags 
which become saturated with this component under 
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operating conditions. These acid systems can be 
used to eliminate carbon, manganese, and silicon 
from the charge, but require select raw materials 
within final steel specifications for phosphorus and 
sulfun 

Basic processes use magnesite (MgO) refracto- 
ries in the portions of the furnace which contact 
molten slag and metal, and accommodate lower 
silica slags with compensating amounts of lime 
(CaO). These systems can eliminate carbon, 
manganese, and silicon as effectively as the acid 
systems and will also eliminate phosphorus and 
appreciable amounts of sulfur. This gives basic 
systems a decided advantage in flexibility with re- 
gard to raw materials consumed and grades of 
steel produced. 

With regard to engineering features there are 
three main types of processes: (1) pneumatic, in 
which all heat is derived from the initial heat con- 
tent of the charge materials, principally molten, 
and the thermochemical balance of the refining re- 
actions; ihe selective oxidation of the refining is 
accomplished by blowing air or commercial oxy- 
gen; (2) open hearth, in which the major source 
of heat is the combustion of fuel (usually gas or 
oil) ; this in turn depends for its success on the 
regenerative principle of preheating air in order 
to attain steelmaking temperatures efficiently; and 
(3) electric, in which the major source of heat is 
electric current (arc or resistance ojr both) ; since 
this heat can be produced in the presence or ab- 
sence of oxygen, electric furnaces can operate in 
neutral or nonoxidizing atmospheres or vacuum, 
and thus are either preferred or required for alloys 
with significant amounts of easily oxidized ele- 
ments. 

In order to use available raw materials and 
heat sources effectively for particular grades of 
steel, steelmaking processes of the pneumatic, open- 
hearth. and electric types exist, and any of these 
may be either acid or basic in their chemistry. In 
many cases, there is an overlapping or combination 
of the above principles in a single process, but the 
indicated classification is followed in describing 
the process and its product. 


Steel production in the United States 


PrCMM'SS 

Product ion 19.57, 
net hms 

(’ll parity 19,58, 
net ton.s 

Rusic o|)<Mi hluirtti 

101,027,72.5 

121, .502, 400 

\cict open hearth 

6.30,0.51 

819,430 

Besseiiior 

2,47.5,158 

4,027,000 

Electric and 



crucible* 

8,582,082 

1,3,312.740 

Oxygen 


1,081,000 

Total 

112,714,996 

140.742,570 


* For 1957, steel made by the oxygen process was in- 
cluded as crucible steel. 


The relative importance of the main commercial 
processes according to tonnage is given in the table. 
The principal characteristics of the individual 
processes will be described. 


PNEUMATIC PROCESSES 

In the United States, there is a limited amount 
of low-P ore available. This type of ore producibs a 
blast-furnace product suitable for the Bessetner 
process, based on the original practice developed 
in England by Sir Henry Bessemer in the years fol- 
lowing his original patent in 1857. The same 
process was proved in the United States by William 
Kelly after his original idea in 1847. This is an 
acid process, and was historically the first high- 
tonnage process for steel production. It will be 
described first because, in addition to this historical 
position, it is the simplest major process. From the 
beginning, this process was able to produce steel 
from hot metal in 10- to 25-ton heats at an average 
rate of nearly 1 ton /min. .Although no scrap is 
required, it normally uses 12 -15% .scrap. This 
low scrap requirement is an advantage when the 
supply is limited and was a major reason for the 
initial dominance of this process. Suitable hot metal 
for the process should analyze 4.00-4.50% ; 
Si, 1.10- 1.50%. ; Mn, 0.40-0.70% ; P, 0.09% maxi- 
mum ; and S, 0.03% maximum. 

Converters. The typical vessel or converter, 
shown in Fig. 1, is a refractory-lined steel shell 
with tuyeres in the bottom and open at the top. 1'he 
vessel is mounted on trunnions and is provided with 
mechanical means for tilting. The air for the proc- 
ess is blown through one hollow trunnion and is dis- 
tributed to the tuyeres through the wind box at a 
pressure of about 30 psi. Tn a typical blow, the hot 
metal is charged while the vessel is lilted to the 
horizontal position to keep the tuyeres clear. The 
blast is turned on as the vessel is righted, and the air 
bubbling through the melt, about 18-24 in, deep, 
provide.s the oxygen required for the refining reac- 
tions ^ 

Fe -f ^ FeO (slag) 

Mn -f MnO (slag) 

Si -f (>2 -> Si02 (slag) 

C+ i^()2->C() 

These occur approximately in the order listed, al- 
though there is considerable overlapping. These 
rfiaelions are exothermic and provide enough heat 
to raise the temperature from that of the charge 
(about 1350°C) to that of the product (about 
1600°C). This temperature rise can be controlled 
by regulation of the hot-metal analysis (Si content 
being the mo.st important) and the amount of scrap 
added during the blow. The flame emitted from the 
mouth of the vessel changes its color and luminosity 
in a manner which allows the operator (blower) to 
judge the progress of the refining reactions, to stop 
the operation at a suitable endpoint, and to pour 
the heat into a transfer ladle by tilting the ves.scl. 

The oxides formed in the first three reactions 
combine to form a silica-saturated slag. This will 
analyze approximately 50%; Si02 and 50% 
(MnO -f FeO). The silica requirement in excess 
of that provided by the Si from the hot metal is 
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Fig. 1. Schematic cutaway view of Bessemer con- 
verter. (From United States Steel Corp., The Making, 
Shaping, and Treating of Steel, 7th ed., 1957) 


necessarily obtained from the refractory lining of 
the vessel. The entire blowing time is only about 
15 mill, so a great deal of the success of the proc- 
ess depends upon the blower’s skill. The time is too 
short to allow for control by sampling and analysis. 

Applications. Although many variations are pos- 
sihle, the process is typically limited to plain car- 
hnn steels which contain less than 0.30% C, and 
which, liecause of the intimate contact with air, will 
he higher in nitrogen content than the open-hearth 
product. These, and associated features, make it 
most suitable for applic'ations which do not require 
maximum ductility and in which work hardening is 
desirable. The steel welds well, and special grades, 
Mich as high-sulfur screw stock, have exceptional 
machinability. A significant fraction of the hot 
metal refined by this process is passed on to the 
basic open hearth for further refining. 

Additional operations of deoxidation, alloy addi- 
tions. and teeming (pouring from a transfer ladle 
into ingot molds) are required to complete the 
process. These are essentially the same as will be 
described in connection with the more important 
basic otien-hearth process. 

The basic Bessemer or Thomas process is impor^ 
lant in Europe and was developed to use the iron 
from high-phosphorus ores which cannot be refined 
by acid slags. The refractory lining is made of 
magnesite (MgO), and an afterblow eliminates 
tlic phosphorus by the reactions 

2P + 2 . 5 O 2 P 2 OB 
P 2 O 5 -f 4CaO (slag) — > 4Ca0 P 206 (slag) 

The lime, CaO, required for this purpose is added 
with the charge and is dissolved in the slag through- 
out the blow so that the final slag has the ncces- 
^3ry CaO/SiOa ratio of about 3. The important dif- 
ferences between the acid and basic processes are 
with regard to the raw material requirements rather 
than the type of product produced. 


BASIC OPEN-HEARTH PROCESS 

The basic open hearth has been the dominant 
tonnage steel producer in the United States since 
the beginning of the twentieth century, and it prom- 
ises to remain in this position for the foreseeable 
future, even though it may lose some ground to mod- 
ern variations of converter and electric-furnace 
processes. Historically, the conventional reverbera- 
tory-type furnace was unable to generate sufficiently 
high temperatures for proper refining of steels, and 
only the limited (500 Ib or less per day) produc- 
tion of the special grade known as wrought iron 
was possible. In 1858, Karl Siemens built an ex- 
perimental furnace making use of his regenerative 
principle, and together with his brother, Frederick, 
developed it within the next few years into the es- 
sential design of modern open-hearth furnaces. 
Thus, both the pneumatic and the open-hearth proc- 
esses, which form the basis of the modern era of 
low-cost, high-tonnage steel, were established 
within a few years of each other. The initial rapid 
development of the Bessemer (pneumatic) process 
was a result of its inherent simplicity. The final 
dominance of the open hearth is the result of its 
ability to use scrap advantageously, its greater 
flexibility in use of other raw materials, and its 
ability to make a wider range of steels. It can be ' 
o[)erated as either an acid or basic process by selec- 
tion of refractories, and in either case, a wide vari- 
ation in practices is possible. 

Furnaces. The features of furnac;e construction 
and the regenerative principle are shown in Fig. 2. 
The hearth proper is lined with magnesite refractory 
for a basic furnace or silica for an acid furnace. 
The roof is normally made of silica brick with 
sprung arch construction, but there is a trend to- 
ward basic brick with suspended-arch construction. 
The selection of roof refractories is independent 
of the hearth construction, because this does not 
contact molten slag. There is great variation in the 
refractories used in the remainder of the system, 
but this will not be considered here as it is not 
directly related to the steelmaking process. Burn- 
ers are provided at both ends of the furnace and 
are operated alternately on a controlled cycle, 
usually 10-15 min. The usual fuels are natural gas 
or oil, but this selection depends on availability and 
economy and is not otherwise limited. In order to 
attain useful temperatures in the furnace (above 
1650^*0 with minimum fuel cost, the air for com- 
bustion is preheated by the regenerative system. 
Fqr example, when fuel is burned at one end, the 
dampers are adjusted so the air for combustion 
first passes through the hot checkers at this end. 
The checkers are an open latticework of refractory 
brick. The flame and products of combustion pass 
over the hearth area, through the checker system 
on the opposite end and out the stack. The dampers 
are theif reversed and fuel burned at the opposite 
end. Thas, by selection of a suitable cycle, high 
temperatures are achieved with minimum fuel con- 
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(a) 

Fig. 2. Schematic sections of liquid-fuel-fired open- 
hearth furnace, (a) Sectioned schematic plan, (b) Verti- 
cal section across B-B. (c) Vertical section across A-A. 
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(From United States Steel Corp,, The Making, Shap- 
ing, and Treating of Steel, 7th ed., 1957) 


sumption. Typical modern furnaces have a capacity 
of 200-300 tons per heat. 

The making of a typical heat of plain C steel by 
the basic open-hearth process will be outlined. The 
furnaces are operated continuously in order to con- 
serve heat, minimize spalling of refractories, and 
produce maximum tonnage. After the previous heat 
has been drained from the hearth, grain magnesite 
is blown or shoveled into the areas where erosion 
has occurred, and then the materials for the next 
heat can be charged. The solids are previously 
weighed into charging boxes and brought into the 
furnace area on charging buggies by the mill loco- 
motive. These boxes can be lifted, thrust through 
the furnace door, and dumped by the charging ma- 
chine. The mechanization of these operations is an 
essential feature of high tonnage rates. 

Materials and reactions. The cold charge mate- 
rials are limestone (CaCOa), ore (FcqOh), and 
scrap steel, and they are piled into the furnace in 
this order. The scrap constitutes about one-half 
the total iron units required for the heat. It wilt^bB! 
a mix of light, voluminous and heavy, dense mi^j 
rial and is distributed to achieve rapid heat absorp^ 
tion, economy of space, and so as to hold the lime 
and ore on the bottom as long as possible. The 
amounts of lime and ore are calculated to give 
the correct analysis of metal and slag at the end of 


the heat and will thus vary according to the type of 
scrap available and the grade of steel being made. 
As this charge is^eated and melted, additional iron 
oxide is formed, because the furnace atmosphere 
must contain an excess of oxygen in order to main- 
tain efficient combustion. Thus, as the scrap melts, 
it will be refined by the same oxidizing reaction^ 
already indicated for the pneumatic processes, and 
the slag formed will be highly oxidizing. When this 
scrap is partially melted, the remaining units of 
iron are added as hot metal by pouring from a 
transfer ladle through a trough placed in one of 
the charging doors. 

An understanding of the remainder of the procei^s 
requires a 'more detailed consideration of the chem- 
istry involved. In order to make this applicable to 
all grades of steel and all processes, some important 
relations will be generalized. These can be made 
quite quantitative for any particular situation, but 
it should be recognized that this is an intricate and 
complicated undertaking because steelmaking in- 
volves heterogeneous reactions ( gas-metal, gas-slag* 
tgnd slag-metal) between phases which are not nec- 
Diiasarily in equilibrium with each other with regard 
to either temperature or chemistry. The various 
stages and types of steelmaking involve the selec- 
tive control of oxidizing reactions. The usual sources 
of oxygen are from the air or products of com- 







bustion (CO 2 is oxidizing toward Fe) ; slag which 
contains large amounts of iron oxide usually repre* 
senred as FeO; or ore represented as Fe 203 . What- 
ever the source, there will be an effective oxygen 
pressure and the molten bath of metal will dissolve 
an amount of oxygen, represented as 0(Pe), corre- 
sponding to its temperature and composition. This 
dissolved 0(Pf.) will in turn react with the other 
elements in the metal such as C(Fe) as represented 
l,y the reaction 

C(t» + 0(Pe) CO (gas) 

Similar reactions occur with the Si, Mn, and other 
elements in the molten bath, as already shown un- 
der the Bessemer process. The equilibria for all of 
ihese reactions are of course interrelated; however, 
for present purposes, it is useful to consider the 
C'O reaction in the bath as the dominant one dur- 
ing the refining period of the steelmaking process. 
The relations between the carbon and oxygen dis- 
solved in the bath are shown schematically in 
Fig. 3. which indicates that for a given carbon 
content, the amount of oxygen in the bath will in- 
crease with temperature, whereas for a given tem- 
perature. the amounts of carbon and oxygen in the 
hath are inversely related. 

Slag and steel. The above information may be 
applied to a heat under way in the basic open- 
hearth (iirnare. Pure iron melts at 1535®C, whereas 
the hot rnetal melts at about 1130”C and is prob- 
ably no hotter than 1300-1350°C. Thus, the low-C 
steel scrap has a higher melting point than the hot 
metal (high-C) when most of the scrap has been 
melted, so that this metal bath and the slag which 
has formed will be high in oxygen in relation to the 
hot metal being added. This results in the rapid re- 
fining of the Si, Mn, P, and C in the system. In 
particular, the bubbling of CO causes the slag to 
become foamy and voluminous, and a large amount 
of it is flushed out of the furnace through either a 
«lag notch at the back or an open door in the front, 
or both. Thus, this flush slag removes from the sys- 
tcTii important amounts of the Si, Mn, and P oxides 
\^hich result from the refining reactions, thereby 
reducing the weight of slag remaining in the fiir- 
tiare and facilitating the heat transfer and slag 
eontrol required in the rest of the process. After 
niching of the scrap starts, a balance must be 
tnaintained between the temperature increa.se of the 
hath and its C content so that the bath remains 
molten at all times. The stirring of the bath by CO 
evolution is important in achieving the necessary 
heal transfer, which is often the limiting rate of 
ihe process. The reactions during this flush period 
may become dangerously violent, and their control 
hv proper timing of the hot-metal addition requires 
great skill by the melter. 

during the meltdown period, the limestone on 
me hearth is calcined 

CaCOa CaO + COj 

and as the last heavy scrap melts, this stone floats 
np into the slag, where it must be dissolved so that 
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the final slag will have some predetermined CkO 
content. Depending again on the quality of the 
starting;* materials and the specifications for the 
steel being made, this exact composition will vary, 
but it will usually result in a final ratio of 
Ca0/Si02 = 2.5-3. This ratio is a simple measure 
of slag basicity. This high-lime content is required 
to achieve the dephosphorization which is charac- 
teristic of all basic .steelmaking. It also permits the 
essential elimination of significant amounts of sul- 
fur which are introduced by the hot metal and also 
by the fuel. The equilibria are such that when the 
required slag basicity and C content of the metal 
bath are reached, the heat is ready to take out of 
the furnace through the tap hole at the back where 
a refractory-lined runner directs it into a transfer 
ladle. As the metal runs into the ladle, additions 
are made to adjust the final chemistry of the heat 
with regard to carbon and other elements, as well 
as oxygen control, according to the type of steel 
being made. Compared to the Bessemer, the open 
hearth is a slow process with a total charge-to-tap 
time of about 10 hours. The rate of refining at the 
end of the heat can be well controlled in order to 
allow for adequate sampling and analysis of the 
hath prior to tapping, thus permitting close ad- 
justment to any carbon or other specification, 
providing the final solid additions are smalF 
enough to avoid chilling the heat in the ladle. In 
general, additions of up to 10% alloy content can 
be made. 

OXYGEN CONTROL 

The final control of the oxygen content is critical, 
and this section can be applied, with only minor 
modification, to the finishing of any heat of steel 
made by any process. Figure 3 shows that, as the 
steel with a given carbon specification cools, the 
0(Fi*) which was required to achieve this carbon is 
greater than that in equilibrium with the same car- 
bon at a lower temperature. Unless remedial meas- 
ures are taken, this lowering of 0 (k«) content will 
occur by two processes: 

1. Separation of droplets of an oxide high in 
iron whose exact composition will depend on the 
other elements in the steel. Depending upon the con- 
ditions of solidification, these droplets may separate 
as a slag or be trapped during freezing, in which 
case they are called inclusions. These inclusions 
are more or less harmful, according to their com- 
position and size and the use to be made of the 
steel. 

, ' 2. The evolution of CO bubbles by the adjust- 
ment of the C(Ft.)-0(Fe> reaction to its temperature 
equilibrium. Particularly in low-C steels (C < 
0.20%), this would generally be so violent as to 
cause the steel to boil out of the molds during solid- 
ification, to cause damage to facilities, and to pro- 
duce an unsound, worthless product. 

According to the final type of oxygen control, 
steels are classified as fully deoxidized or "^kilted^* ; 
“rimmed'' or “open," which involves the minimuni 
practical amount of deoxidation; and ^‘semlkilled/* 
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Fig. 3. Generalized relations between carbon and 
oxygen dissolved in molten iron. 

which covers a range of conditions between killed 
and rimmed steels. 

Killed steel. This steel is selected for sound in- 
ternal structure. It is made by adding in the ladle 
some other element such as aluminum whose equi- 
librium with oxygen is such that the 0(K() is 
lowered to a value which prevents the formation of 
CO. Other common deoxidizers, used separately or 
in combination, usually as ferroalloys, are Mn. Si, 
and Ti. The killed steel is then teemed into a big- 
end-up mold, as indicated in Fig. 4. The molds are 
made of cast iron and provided with a hot top (an 
insulated upper section ) which is designed to en- 
sure that this will be the last region to freeze. The 
volume of the molten steel at the freezing point is 
about 8^^ greater than that of the solid. The loss 
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Fig. 4. Typicol big-end-up mold with hot top/ used 
in killed steel. (From J. L Bray, Ferrous Process Metal- 
lurgy, Wiley, 1954) 


of heat during solidification is through the mold 
wall and by radiation from the open top. llius, if 
the ingot mold had straight sides and no hot top, a 
rigid outer skin would freeze early in the process, 
and the difference in volume between liquid and 
solid would appear as a shrinkage cavity or pipe 
along the center line of the ingot. The tapered mold 
with the big end up and hot top is designed to 
ensure progressive freezing from bottom to top so 
that liquid steel can continue to feed into the cen- 
ter shrinkage zone as long as possible. A small 
pipe in the hot top area is inevitable, but this can 
be cropped and most of the ingot u.sed as sound 
metal. Thus, killed steels eliminate the problem of 
CO evolution during freezing and minimize the 
objectionable features of the resultant pipe by 
suitable mold design. The treatment required to 
accomplish this creates deoxidation products which 
determine the final steel quality. 

All of the elements used as deoxidizers influence 
the solubility of oxygen in the molten steel in a 
manner similar to that indicated for C in Fig. .H. In 
order to be effective, they must lower the be- 
low that of the specified carbon. It is apparent that 
if a solid deoxidation product such as aluminum 
oxide, AbO.i, is formed when the deoxidizer is 
added to the ladle, it may have a chance to float 
out of the metal before it freezes. However, the 
equilibrium is continually changing with tempera- 
ture so that more AL/O.x will be forming as the 
.steel cooks until freezing is completed. These oxides 
form as a dispersion throughout the metal phase, 
and it is inevitable that tho.se oxides formed in the 
later stages of the process mu.st be trapped in tl»# 
metal. It is thus impossible to make absolutel) 
clean steel by any of the conventional processe*-. 
which require final deoxidation to prevent the CO 
evolution. This (i^esentation is highly, simplified. 
In any real ca.se, all of the elements present must 
interact in such a way that the deoxidation prod- 
ucts are usually complex associations of the oxides 
of Fe, Mn, Si, and Al. Similarly, these elements all 
interact with the sulfur in the steel, and this ele- 
ment too is included in the complex. The final 
size, .shape, and distribution of these inclusions 
in the .steel is an important factor in its perform- 
ance in many applications, and a great deal is done 
in steelmaking to influence these factors. 

Rimmed steel. This type of steel is selected for 
good surface characteristics when internal sound- 
ness is not critical. The ladle treatment for this 
type is not de.signed to stop the formation of CO, 
but rather to control it in order to obtain the 
following freezing characteri.stics. The molds for 
this purpose are described as big-end-down and 
are placed on a heavy bottom section called a stool. 
,so that the mold can be stripped from the solid 
ingot by lifting the vertical section from the stool. 
No hot top is used. The properly deoxidized steel 
is teemed into the mold, and as freezing begins, 
because of the chilling action of the mold wall, 
the C(pe)-0(Pe) equilibrium is shifted enough to 
cause CO evolution at the solid-liquid interface. 
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This causes a slight rise of the liquid level in the 
mold, as well as a stirring of the remaining liquid, 
which is described as the rimming action. This ac- 
tion sweeps any deoxidation products to the top 
and also prevents the early freezing over of the top 
surface by maintaining a uniform temperature 
throughout the liquid. Thus, a skin of sound, in- 
i lnsion-free metal several inches thick is formed. 
Finally, the top must freeze over, and if the de- 
oxidation has been proper, the remaining gas evolu- 
tion is just right to compensate for the difference 
in volume between the remaining liquid and solid, 
and the ingot freezes with a nearly flat top. The 
ravity corresponding to the pipe in killed steel is 
distributed throughout a large region of the ingot 
as small trapped CO bubbles. No cropping of the 
pipe is required, so the yield of finished product is 
high. Most of the small cavities are welded shut 
in subsequent rolling operations. 

Rimmed steels are cheaper because no hot- 
tofiping facilities are required, and yields are 
greater. 'They have the best surface for many form- 
ing operations because they are inclusion free, 
and they can be used in many products, such as 
aiilo bodies, where an absolutely sound internal 
vilnicturc is not important. 

Semikilled steels. As the name implies, these 
arc u compromise between the features of killed 
and of rimmed firoducts. and the degree of com- 
[)rornise is subject to consideralde control and ex- 
tensive variation. The rimming action can be 
stop[ied mechanically by placing a heavy plate 
over the lop of the mold, or chemically by adding 
VI as nddilionul deoxidizer. Either method is siib- 
lert ti) extensive control and variation, which can- 
not he described in detail here. These types are 
Used for many uppli(‘ations. such as platen and slnic- 
liiral sliapes, where the economies gained are not 
iiu*onsi*<tent with satisfactory performance. 

ACID OPEN-HEARTH PROCESS 

This relatively unimportant process, tonnage- 
wise. is suhjf^ct to the restrictions on P and S in 
th»‘ charge which have already been noted for acid 
t»rocesses. It has been used largely for the produc- 
tion of high-quality steels in the higher carbon 
ranges for steel rolls, castings, and forgings. In 
these cases, high production rates are unimportant, 
and the operator pays the necessary price for high- 
quality scrap and other charge materials. The proc- 
is normally operated on an all-solid charge 
with the necessary mix of ore, pig iron, and scrap 
to achieve the specified analysis. Although there 
«re many important details related to acid open- 
hearth steelmaking, the essential features can be 
deduced from the descriptions already given for 
ttcid processes in general, the acid Bessemer proc- 
ess, and the principles of deoxidation outlined in 
< onneciion with the basic open hearth. The normal 
product is fully deoxidized, can be made with low 
tnclusion content, and is believed to be particularly 
free from the defects associated with hydrogen. 


ELECTRIC FURNACE STEELMAKING 

This process began to exert its influence In the 
industry about 1900 (50 years later than the pneu- 
matic and open-hearth processes, both of which de- 
pend on an oxidizing atmosphere for their success) . 
The arc furnace develops the necessary tempera- 
tures without the requirement of oxygen in the 
atmosphere, and has, therefore, occupied a unique 
position as the only process suitable for making 
many grades of steel with large amounts of such 
oxidizable alloys as Cr, V, and W. Beginning with 
the original design of Paul L. T. Heroiilt, the three- 
electrode furnace has been developed to the point 
where it is currently competitive with the open- 
hearth process for all grades of steel in many situa- 
tions, and it appears destined for a continued in- 
crease in importance. The features of the furnace 
are shown in Fig. 5, which also indicates the dif- 
ferences in refractories for basic or acid practice. 
The distinctions between these practices are the 
same as those described for other processes, and in 
order to take better advantage of fluctuating 
sources of raw materials, there is a strong trend in 
favor of the basic practice. Commercial furnace 
sizes vary all the way from a few hundred pounds 
to 200 tons. Asa rule, the smaller sizes are used by 
the ( astings industry, and the larger sizes are for 
the production of ingots. An ail-solid charge has 
been normal, hut experience with the use of hoi 
medial has indicated that this may become more 
prevalent in the near future. The charging of larger 
furnaces is a critical rate-determining factor, and 
it is (‘oinmon to swing the top aside in order to 
place the entire charge in the hearth at once from 
a previously loaded drop bucket. 

The making of a hypothetical heat which illus- 
trates the unique features and versatility of the 
basic electric-arc process will he described. In most 
cases, the raw materials for the charge could be 
selected to eliminate or minimize some of the steps 
included in this example. 

Raw materials and reactions. As in the open 
hearth, the solid charge of ore, limestone, scrap, 
and pig iron is placed in the hearth after the previ- 
ous heat has been drained and the bottom repaired. 
The amounts of these materials are proportioned 
to achieve the desired speoifleations when the 
charge has been melted and brought to tempera- 
ture; that is, enough oxygen is provided through 
ore, or mill scale (mainly magnetite, FeM 04 ), to 
refine the Si, Mil, P, and C present in the charge, 
'^and enough lime is included to give the slag basic- 
ity required to retain the P in the slag. These items 
can be adjusted, if necessary, throughout the melt- 
ing and refining period, and it is now common to 
supply most of the oxygen requirement directly by 
lance, rather than by ore or scale. Up to this point, 
the process and reactions are quite comparable to 
the basic open hearth, with the exception that a 
relatively small part of the oxygen requirement 
has come from the furnace fitmosphere. Air within 
the furnace is in contact with the graphite elec- 



Fig. 5. Section of electric-arc furnace showing refrac- 
tories for either acid or basic operation. (Modern 

trodes, and al] oxygen is rapidly burned to the 
CO-CO 2 equilibrium for the furnace temperature. 
The basic oxidizing slag will contain the P which 
has been refined from the charge, so this slag can 
now be removed from the system by the aid of 
rabbles, forcing it out the pouring spout or charg- 
ing door. The furnace can be tilted to assist in this 
operation. If the charge materials were sufficiently 
low in P, as is frequently the case, this slag can be 
left in the furnace to allow the recovery of such 
valuable alloying metals as Cr which entered the 
slag during the oxidizing period. 

If the oxidizing slag was removed, and the steel 
specification requires that large amounts of alloy 
be added, the next step is to make a new, reducing 
slag by adding burned lime (CaO). C (as crushed 
electrodes or coke), and flux (CaFa) as well as 
small amounts of AljO;^ or SiO-j. The exact com- 
position of this slag depends a great deal on the 
type of alloy being made, but it will be highly basic 
and often carbidic, that is, contain detectable 
amounts of CaC 2 . In order to be effective, this slag 
must contain negligible amounts of FeO. In order 
to achieve this condition rapidly, the steel bath is 
simultaneously deoxidized in the furnace by addi- 
tion of ferrosilicon or Al or both ; the resulting de- 
oxidation products become a part of the reducing 
slag. In fact, they are the major source of these 
oxides in this slag. The molten metal bath is thus 
protected by a nonoxidizing slag, and the atmos- 
phere is kept nonoxidizing by reaction with the 
electrodes. Power can be supplied to achieve any 
Jesired temperature and to melt any amount of 
alloy which is needed to meet the steel specifica- 
Jon. This basic reducing slag performs another 
important useful function. It has a much more 
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favorable chemistry for the removal of sulfur than 
any other treatment in the entire iron and steel- 
making cycle and specifications of the order of 
0.002% S can be met. 

If a P-free oxidizing slag is left on the bath, it 
is reduced by the same general methods (addition 
of ferrosilicon, Al, or C), and the corresponding • 
amount of Cr or other alloy reverts to the bath. 

In either case, the bath can be sampled and 
alloys adjusted until they fall within the specified 
range, and the tenH^erature can be adjusted until 
the heat is ready to pour. Although not as drastic as 
in the other steelmaking processes, some final ladle 
deoxidation is still required. 

Product steels. The major tonnage steels for 
which the electric furnace is required are the 
stainless steels, such as 18-8 (18% Cr, 8% Ni), 
but all the special high-alloy grades are made by 
this process and many of the lower-alloy grades 
with 10% or less of total alloy content, which 
could be made in the open hearth. The latter are 
made in the electric furnace when they must meet 
the highest cleanliness for critical service require- 
ments. Electric furnace steels are appreciably 
higher in nitrogen content than the same grades 
made in the open hearth, and this may be desirable 
or not according to the application. Special proce- 
dures are also required to make very low carbon 
steels (less than about 0.10% C). In general, the 
electric furnace is the most versatile of all steel- 
making processes, since it can be operated as either 
an acid or basic, oxidizing or reducing process. 

NEW AND SPECIAL PROCESSES 

The production data cited in the table show how 
the major processes cited dominate the steel in- 



Rufttry. The fundamental features of these proc* 
f have changed but little since their inception, 
' although there have been continual increases in 
si/e of the units, and many engineering improve- 
ni(»nts have led to remarkable modern production 
lates. It is reasonable to expect no sudden upheaval 
in the structure of such a basic industry. It is none- 
theless important to recognize the current trends in 
development of these major processes as well as the 
inanv special processes which have come into being 
because of some special requirement which the 
major processes cannot meet. These developments 
have occurred at an increasing rate since World 
War II because a large segment of the European 
steel industry had a c hance to start anew without 
ibe restrictions usually imposed by existing equip- 
ment. and because commercial oxygen has become 
a\di table at low cost on a tonnage basis. 

Use of oxygen. The use of this oxygen in the con- 
\tntional steelmaking processes is now well estab 
hsbed in a variety of applications It can be used 
for (ombiistion in the open hearth to produce 
higher flame temperatures and develop heat faster, 
oi to maintain an existing temperature pattern 
with lower fuel consumption. When coupled with 
the higher operating temperatures whi( h are pos- 
sible with basic roof construction, another well- 
d( fined tiend, this use of oxvgeii offers many pos- 
siblt advantages which are >et to he fully exploited 
Ihi use of oxvgen for letining by injection into 
the hath has been important in both the open- 
heaith and electric furnace !n this application, it 
irid\ be lonsidered as replacing ore as a soiiice of 
owgcn with the advantage of more precise iontrol 
and a more favorable heat balance, resulting in 
hightr [iroduction rates Although a variety of de- 
\iics I an he used for this purpose, the commonest 
Is to insert an iron pipe (about 1 in in diameter) 
through the c barging door into the hath and to 
blow owgen fast emough to cool the pipe and avoid 
c\(essi\« melting of the lance. In the electric fur- 
na« f foi example, the extra heat obtained with the 
“wgen lame makes it possible to recover large 
amounts of Cr fiom stainless steel sc rap. 

f he most spectacular use of oxygen has been in 
pneumatic processes where it can enrich the air 
lilown through the tuyeres to refine the bath more 
*a|)idlv and to develop the heat required to melt 
more scrap In the Linnz and Donnewitz (L-D) 
process, the tuyeres have been eliminated, and pure 
<>geii is blown through a water-cooled nuzzle onto 
the top of the bath in a pear-shaped, basic-lined 
furnace (Fig 6). Here the mixing required for 
rapid refining is obtained from the velocity of the 
jet, and ii appears that this process can realize all 
«‘f the advantages of a basic slag in refining P and 
ds well as Si, Mn, C; it can use significantly moie 
‘^trap than the conventional Thomas process, and 
can make a full range of plain C steels with the 
l^w-nitrogen characteristic of open-hearth steels. 
Other processes use the oxygen lance with a ro- 
tdting hearth to obtain mixing of the metal and 
''lag for refining and heat transfer. It sqems certain 
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Fig 7. Section of crucible for high-frequency-induc- 
tion melting of steel (From A/ax Etecfrothermic Corp., 
Bull 11-B) 

that some of these variations will become increas- 
ingly important. 

Induction melting Induction melting has been 
used to replace the conventional arc furnace in 
cases where small heats of spe<*ial alloys are de- 
sired, usually for castings. High-frequency power, 
usually from a motor generator, is supplied to the 
outer water-cooled coil of the typical furnace 
shown in Fig. 7. This coil surround«^ the crucible 
containing the charge which acts as the susceptor, 
and the t exulting eddv currents in the charge pro- 
duce the heat required for melting. This is usually 
ft straightforward melting process in which the 
proper amounts of high-purity raw materials are 
placed in the crucible, no slag is formed, and no 
refining is attempted. Allowance must be made for 
reactions with air during the meltdown, or a neutral 
atmosphere provided. 

Vacjjum processes. All of the processes de- 
scribed thus far require contact of the molten steel 
with the air or a furnace atmosphere. It has been 
indicated that these processes necessarily result in 
a finished steel containing certain amounts of oxy- 
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gen, nitragen, and hydrogen which in turn must 
confer special properties, often undesirable, on 
the product. Special practices such as raw material, 
slag, and temperature control have been developed 
to minimize these gas problems, but a more com- 
plete solution requires the use of inert atmospheres 
or vacuum. If the large heat size of an open hearth 
is required, the most effective current method is to 
place the mold inside a chamber connected with 
high-speed pumping equipment and a transfer 
ladle so the steel is poured through the evacuated 
space before reaching the mold. This is particularly 
effective for the removal of hydrogen. 

When smaller heats are required, a more effec- 
tive job can be done by conducting the entire melt- 
ing and casting procedure within the evacuated 
space, and this can now be accomplished for heats 
of 5 tons or less. This can be done by induction 
melting, in which the evacuated chamber is divided 
into a series of interlocking sections so that a new 
solid charge can be introduced without admitting 
air to the crucible or pouring sections. Similarly, 
ingots or castings can be removed through another 
vacuum lock. As in normal induction melting, only 
high-purity raw materials are charged and no ordi- 
nary refining is attempted. The vacuum induction- 
melted product is low in all of the gaseous elements 
and is the usual starting material for the other type 
of vacuum melting called the consumable-electrode 
method. This is also operated in an evacuated 
chamber which contains a water-cooled copper 
mold. This holds a small starting block of the alloy 
to be melted which acts as the cathode for a dc arc. 
The anode is a long section of the same alloy. The 
arc generates enough heal to melt the anode which 
drips onto the cathode. Proper control of the arc 
and cooling rate permits a small pool of molten 
metal at the top of the cathode, and this freezes 
progressively at the same rate as new melt falls in. 
Thus, a continuous casting is developed which is 
free of the shrinkage defects described for conven- 
tional ingots and is also very low in all gaseous 
impurities. 

These va<‘uum processes are needed for making 
many special alloys containing large amounts of 
easily oxidized metals. They can also be used for 
the melting of m(»re conventional alloy steel com- 
positions where exceptionally low gas and inclusion 
content is required. 6Vc Pyromkt^llurcy ; Refrac- 
tory; Stainless steel: Steel. \o.d.] 

Bibliography: .1. L. Bray, Ferrous Process Metal- 
lurgy^ 1954; United States Steel Corp., The Mak- 
ings Shapings and Treating of SleeL 7th ed., 1957. 

steering, power 

Manually controlled steering system in which an 
auxiliary mechanism assists the driver by supply- 
ing all or most of the force to steer the road wheels. 
Principal components of power steering are control 
valve, power actuator, and source of power. These 
components operate in conjunction with a hand 
steering wheel, steering gear, linkages, and steered 
road wheels (jtec Automotive steering). The 


valve senses any difference between the position of 
the steering wheel and the corresponding position 
of the steered wheels and releases power to the ac- 
tuator until the difference disappears. 

Application. Self-propelled vehicles have, been 
steered by assistance from servo power for many 
years. Modern power steering became widespread 
after 1952 when Chrysler Corporation offered 
power steering as original equipment on passenger 
cars. Power steering increases the productive ca- 
pacity of buses, trucks, and tractors used for trans- 
portation, construction, and agriculture by about 
20%. On passenger cars, power steering increases 
safety and convenience by relieving fatigue. Power 
steering is economical for such diverse applica- 
tions as heavy duty dump trucks, motor graders, 
mine cars, and truck cranes. Vehicles that operate 
over rough terrain, as in timberland towing and 
earth moving where substantial steering effort is 
required, benefit especially from powered steering. 
With power steering, vehicular Joad (;an be distrib- 
uted for compactness and maneuverability. 

Servo loop. A servo loop provides the power for 
steering. It is added to a manual steering system 
together with a control valve. The servo loop can 
be introduced around various parts of the steering 



Fig. 1. Integral power system operates at steering 
gear. (Lincoln) 



system. Principal hydraulic power systems, classi- 
fied by the location of the servo loop, are integral, 
linkage, in-line linkage, and hybrid. 

In each system an engine-driven pump with a res- 
ervoir delivers hydraulic fluid oil under pressure to 
a valve. The valve responds to torque from the 
steering wheel and to reactive shock from the road 
and directs the oil to an actuator. The actuator posi- 
inins the steered wheels to maintain the vehicle on 
the course set by the steering wheel. The valve is in- 
sensitive to very low steering torque so that at all 
times some manual steering is retained and the 
driver feels the road. 

IntegraL Components of the integral system are 
combined in a single power steering gear assembly 
(Fig. !)• The steering shaft carries a valve spool 
and moves slightly along its axis. Springs in the 
valve assembly float the shaft during normal condi- 
tions. Rotation of the steering wheel causes the 



Fig. 2. Linkage power steering reacts between chassis 
and steering linkages. (Ford) 


shall to (?lirnb up (or down) at the ball nut be- 
cause the hall nut and the rest of the steering link- 
age resist any movement. TIu* resulting axial mo- 
lion of the shaft and valve admits high-pressure oil 
to one side of the actuator piston and allows oil 
fniin the other side to return to the reservoir. The 
piston moves the gear .sector and hence the rest of 
the steering system in a direction to relieve the 
thrust on the steering shaft; the valve then returns 
to its neutral position and the action stops. 

Linkage. Components of the linkage system con- 
Meet to the linkage portion of the steering system. 
Hic actuator or booster cylinder anchors to the 
chassis. Figure 2 shows one such arrangement 
adapted to a cross steering linkage. 

Ihe valve consists of a movable spool inside a 
sealed case. The valve is connected through con- 
duits to the high-pressure pump, the low-pressure 
reservoir, and to each side of the booster piston, 
^^ith the spool in its neutral position, annular 
grooves on the spool connect oil at low pressure to 
boih sides of the piston. The steering system is at 
rest. 
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Steering effort or road reaction deflects the valve 
spool relative to the valve case. The spool grooves 
then connect the high-pressure oil line to one or 
the other side of the booster cylinder so that oil 
forces the steering linkages in the direction that 
will return the valve to its neutral position. 

In-line linkage. Control valve and actuator are 
combined in a single assembly for in-line linkage 
power steering. The system of Fig. 3 connects be- 
tween drag link and idler arm of a fore-and-aft 
steering linkage. Motion of the drag link operates 
a valve similar to that used in other systems. The 
valve energizes the actuator, which drives the link- 
age to follow the steering motion or to resist road 
reaction. When the actuator has reduced the link- 
age forces, springs in the valve return it to its neu- 
tral position until unbalanced forces again set the 
hydraulic assist into action. 

Hybrid. A valve in the manual reserve steering 
gear and a separate actuator in any other part of 
the steering system, as in Fig. 4, constitute hybrid 
power steering. Valve and actuator are similar to 
the corresponding components of other systems 
and the operation is basically the same. 

All four systems are used. Each has advantages 
that suit it to particular vehicular configurations. 

[W K.t.l 

Stegoselachii 

An order of arthrodiran fishes called armored 
sharks, distinguished by a remarkable rediution of 
dermal armor including the complete disappear- 




Dorsal views of two stegoselochions from the Lower 
Devonian, (o) Gemuendino; a skotelike form, (b) Sten- 
iioella, with enlarged head and trunk and depressed 
body. Originals about 23 cm long. (After F, Broile) 


ance of pectoral spine. Aside from a veiy 
deeply embedded plates, these raylike fishes display 
only small widely spaced skin denticles. The 
Stegoselachii are known principally by fossil speof. 
mens from marine and brackish-water sediments of 
the Lower Devonian of western Europe and North 
America. The several recognized genera make up 
two suborders. The first, Stensioellida. Is typically 
represented by Stensioella, whose enlarged head 
and trunk and depressed body habit indicate a 
bottom-living adaptation. The second suborder 
Rhenanida, is represented by Gemuendina, a com 
pletely benthonic fish, with a flat, broad body, up- 
wardly directed eyes and nostrils, and greatly 
extended pectoral fins. A single incomplete speci 
men named Cratoselache, from the Lower Missis, 
sippian of Belgium, possibly represents the last 
stegoselachian and the youngest known placoderm 
See Placodermi. fD.H.i).] 

Steinheim man 

A prehistoric man represented ' by the damaged 
skull, without mandible, of a young woman, found 
in 1933 in a sandpit 12 miles north of Stuttgart, 
Germany. No artifacts or other human bones were 



The Steinheim skull as reconstructed from a cast, 
(a) Right lateral view reversed, (b) Frontal view. (From 
M. F, Ashley-Monfagu, An Introduchon to Physical 
Anthropology, 2d ed,, Charles C Thomas, 1951) 



present. The det>o8it is believed to be late Second 
Interglacial in date. The skull combines heavy 
brow ridges and primitive features of the nose 
region with a relatively small face and a modern- 
looking braincase. The latter, though low, is verti- 
(al’sided, with a moderate forehead and nonpro- 
jecting occipital region. The brain volume was 
approximately 1180 cm*"*. Relationship has been 
-«uggc*^ted both with the Neanderthal stock of later 
(idle and with the contemporary Swanscombe skull, 
possibly leading directly to Homo sapiens (modern 
man). The skull is at the Anthropologisches In- 
stitut of the University of Tubingen. See Fossil 
man. Iw. w. Howells] 

Stele 

\ term including all tissues and regions of plants 
Irom the cortex inward: the pericyrle, phloem, 
lainhium, xylem, and pith (when present). The 
term was introduced to indicate the unity of struc- 
ture of the axis (root and stem) of the plant. This 
axis contains a core (stele) composed of the vas- 
iiilar tissues and associated ground tissues (paren- 
<h\ma and sclerenchyma ) and enclosed by a 
{SFoiind tissue region, the cortex {see Parin- 
(UYMA, Sen Rh NC hyma). Some anatomists in- 
thide the endodermis with the stele; others con- 
mdei il the inner border of the coitex. The steles 
are classified according to the distribution of the 
\as(uldi tissues within the ground tissues This 
( l.issjfication icfers to the axis in primary state of 
growth The three major types of stele are the pro- 
l(»stfle sjphonostele, and the dictyostele (Fig. 1). 

Protostele. This t>pe consists of a solid rod of 
\\ltm (no pith) surioundcd bv phloem (Fig 2). 
If the (oie of xylem has a smooth outline in cross 
‘>p<tJon, llie piotostele is railed a haplostele; if 
the ^\lern is star-shaped in cross section or if it 
lids nhs raclidting from the center, the stele is 
tMnud an aclinostele, if the xylem is divided into 
pldlrs tlie stele is a plectostele. In general, proto 
"tries are found in the stems of the most primitive 



Fig 1. Diagrams illustrating the types of arrangement 
VQscuiar tissues in steles, (o) Protostele. (b) Si- 
pkonostele. (c) Dictyostele. (From A. J, Fames and 
^ H MacDanietSf infroduefian fa Plant Anatomy, 2d 
«d , McGrow-H/W, 1947) 


proteifeles 



otoctostele 


Fig. 2. Types of stele, in cross sections. 


vascular plants (Ivropods, psilophytes, and some 
ferns) and in the roots of all vascular plants, ex- 
cept those of some dicotyledons and many mono- 
cotyledons (see Filkaies; Lycopodialls; PstLO- 
PHYTALis). From an evolutionary standpoint, the 
protostele is considered to be the most primitive 
t)pe of stele. See Evoiution, organic. 

Siphonostele. There are two types of stele with 
pith: the amphiphloic siphonostele. or solenostele, 
with ]ih[oem on both the inside and outside of the 
x>lem, and the ectophloic siphonostele, with 
phloem only on the outside of the xylem. The 
former is found in the stems of some ferns^ and the 
latter, in the stems of some ferns, gymno^perms, 
and angiosperms (see Angiospermae; Gymno- 
spERMAi ) . Siphonosteles are considered to repre- 
sent a Tjore advanced evolutionary state than pro- 
tosteles. 

,, Dictyostele. This is a type of siphonostele found 
in fern stems in which the vascular tissue is di- 
vided by many gaps, or parenchymal regions, to 
form a network, and hence the xylem and phloem 
are arranged in separate concentric vascular bun- 
dles, as seen in cross section (see Vascular bun- 
dles). A similar type of siphonostele, found in 
most *gvmnosperm and angiosperm stems and con- 
taining collateral or bicollateral vascular bundles, 
is termed the eustele. A highly specialiaed evolu- 






fig. 3. (a,b) Diagrams of cross sections of a root in two 
stages of secondary growth. The root has a protostele. 
(c/d) Diagrams of cross sections of parts of stem in 
secondary state of growth. The stem has a eustele in 
primary state of growth, a continuous cylinder of vas- 
cular tissues In secondory state of growth. (From A, J. 
Fames and L H. MacDaniels, Introduction to Plant 
Anatomy, 2d ed., McGraw-Hill, 1947) 

tionary derivative of the dissected siphonostele, the 
ataetostele, is the type found in the monocotyle- 
dons in which the vascular bundles do not occur in 
a ring but are dispersed throughout the center of 
the stem. 

Secondary growth in stoles. In gymnosperms 
and dicotyledons the vascular cambium commonly 
produces secondary phloem and secondary xylem. 
In the root, the secondary vascular tissues com- 
pletely imbed the core of primary xylem, whereas 
the primary t)hIoem is pushed outward and more 
or less completely crushed. In the stems, secondary 
vascular tissues are often formed between the xy- 
lem and phloem and also in the interfasc iciilar re- 
gions, that is, between the bundles. Thus, in con- 
trast to the eustelic condition in the primal y state 
(network of bundles), a continuous cylinder of 
vascular tissues is foimed in the secondary state 
(Fig. 3). ice EndodI'RMIs; Meristfm. iatfrm; 
PLRKYCLh; Phloem; Pith; Xyli-m; see also 
Root (botaivy); Stem (botany). [o i.] 

Bibliography: See Plant anatomy. 

stellar evolution 

The changes that take place in a star. Even though 
man’s knowledge of stars is largely indirect and 
theoietical, it lests «>n well-tested physical laws, 
which link ihe unobservable properties of stellar 
interiors to quantities that are susceptible to more 
or less direct measurements. The most important 
of these quantities are (1) stellai luminosity (or 
absolute magnitude), which can be inferred from 
the apparent magnitude of a star if its distance and 
the effect of interstellar absorption are known; 
(2) stellar color (or effective temperature), which 
is determined as a correction for interstellar red- 
dening; (3) stellar mass, which can be determined 
for some, but not all, stars that belong to binary 
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and pretonts the pdncipat pbyaitni) 
which that knowledge rests. os 

Stellar structure. A nonrotating, 
homogeneous mass of gas held together l^lts'ow^ 
gravitation provides the simplest imaginable mod ^ 
of a star, but one that represents fairly well tk 
observable properties of a large and well-defined 
class of stars, specifically those belonging to the 
main sequence of the Hertzsprung-Russell (H-gj 
diagram (see Star). Theory and observation agree 
that main-sequence stars consist largely of hydro- 
gen (70-90% by weight) and helium (10-30%). 
The percentage of heavier elements varies from 
about 3% in Population I stars to an undetermined 
lower limit which may be considerably less than 
1% in Population II stars. The helium-to-hydiogen 
ratio does not strongly influenceMhe color or lumi- 
nosity of a star, as long as it is not too large, and 
it is therefore difficult to determine theoretically. 
Unfortunately, it is also difficult to determine ob- 
servationally, because helium lines oc cur chiefly in 
the spectra of very hot stars whose outer layers, 
where the lines are formed, are not yet well under 
stood. The abundance of heavy elements, on the 
other hand, has an important effect on the color 
and luminosity ol a star, and it is easier to deter- 
mine spectroscopically than the helium abundance 
Stars that do not belong to the main sequence 
fall into two main groups: red giants, whose chief^ 
pec uliarities result from the fact that they possess 
much more extended atmospheres than main-se- 
quence stars; and white dwarfs, which are ex 
ceedingly faint foy'their color (as compared with 
main-sequence stars) and have astonishingly high 
mean densities, of the order of 10” g/ml. Modern 
theoretical work indicates that red giants and 
white dwarfs began their stellar careers as normal 
main-sequence stars and owe their distinctive prop 
eities to evolutionary changes incident on the ex 
haustion of niic lear energy sources. Red giants are 
now believed to be stars not much more massive 


than the Sun but markedly inhomogeneous in chem- 
ical composition. White dwarfs are chemic*allv ho- 
mogeneous, or nearly so, but differ radically from 
main-sequence stars in several fundamental ways: 
hence they will be discussed separately. 

The discussion turns now to specific motions 
and problems in the theory of stellar structure and 
evolution. 

Temperaturep density, pressure. Typical valuer 
for temperature T, density p, and pressure P in 
main-sequence stars are T * 10” ®K, p = 1 g/ml 
P = 2 X 10’^ dyne/cm-; at the center of the 
Sun r » 1.5 X 107 ^ ^ 100 g/ml, P « 3 X 

10^7 dyne/cm^. Even at this high density (the 
normal density of water is 1 g/ml), stellar mate- 
rial remains a perfect gas, the enhanced 

thermal motions of the ions. sAt \dlectrons more 



Great Nebula in Orion {above)« visible as the middle ^Star" in the sword of Orioor is a gai cloud 
excited to incandescence by hot stars in its center. Stars may form in such a region. Crob Nebula 
in Taurus (below) is debris from a stellar explosion seen as a nova by Oriental astronomers in 
1054. High*energy electrons cause the gas to glow. These colors are not visible because of low 
intensity; even sensitive color film requires exposures of several hours through 200-inch telescope. 
(Photographs by William Miller, research photographer, California Institute of Technology) 




than compensate for the increased interaction that 
lesults from their crowding. Significant departures 
from the perfect-gas law are first encountered, in 
stellar interiors, only at the much higher densities 
ihai prevail in white dwarfs and the cores of red 

giants. 

For a star to be in mechanical equilibrium, the 
pressure force acting on any spherical surface con- 
centric with the stellar surface must just balance 
the weight of all the overlying material. In particu- 
lar, the pressure at the center of a star must bal- 
ance Its entire weight. This is proportional to the 
square of the star’s mass, which accounts for the 
dominant role played by gravitation in masses of 
stellar sire (the mass of the Sun is 2 X 10*^ g) and 
toi the pressures, enormous by terrestrial stand- 
ards, that prevail in stellar interiors. The central 
pressure is related to mass M and radius R by the 
jfq)roximate equation F ^ K GM-/R*, where G is 
^ewlon’s gravitational constant, 6.67 X 10 '' emV- 
(g) Ke(-) and constant K is of the order of unity 

The pressure inside a star comes paitly from the 
theriTidl motions of the electrons and ions (the ordi- 
nal v gas pressure), and partly fiom the pressure 
exerted by the radiation field. A minute effect in 
ordinarv terrestrial experience, radiation pressure 
licHimcs impoitaiit in stellar interiors because it 
iiK teases as the fourth power of tempeiature; it is 
10’* times as great at 10^ °K as al 10*°K. The ratio 
hetv^cen radiation pressure and gas pressure in- 
ti cases with increasing luminosity along the mam 
sequence, but attains appreciable values only in the 
luminous blue supergiants I'heoretically, a star in 
which ladiation pressure {iredominated would be 
unstalde 

Heat flow. The condition of mechanical ecpnlih 
riiirn and the perfect-gas law supply two relations 
among pressure, density, and temperature. A third 
rrlatioii IS supplied by the condition of thermal 
c(|ujlibiiuni: evc'ry clement of stellar material must 
emit and absorb heat at equal rates; otherwise 
some legions would gradually become hotter or 
< ofdci 

The implications of this requirement depend on 
the type of heat flow. There are three possibilities; 
<ondii(tion, radiative transfer, and convection. Ex- 
tcqii in white dwarfs, conduction is much less effi- 
cient than the other two mechanisms and may be 
Ignored. In all stars except white dwarfs radiative 
transfer accounts for most of the heat flow, but in 
'Ome stars convection also plays a role. 

Radiative transfer. Radiative transfer lesults 
from the circumstance that every element of stellar 
material leceives more radiant energy per unit time 
from relatively hot regions than from relatively cool 
»*nes, but reradiates isotropically the energy it re- 
ceives. This results in a net flow of radiant energy 
from hot regions to cool ones, which is radially 
outward. As the radiation makes its way from the 
c enter to the .surface, it gradually changes in qiial- 
becoming redder and redder as it is absorbed 
«tnd reemitted by stellar material at lower and 
lower temperatures. The radiation that finally 
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emerges at the surface is characterized by a much 
lower temperature, called the effective temperature 
of the star, than that of its source, the deep in- 
terior. The effective temperature of the Sun is 
about 5800‘^K. 

Convection, Unlike radiative heat transfer and 
conduction, convection does not automatically re- 
sult from a nonuniformity of temperature, because 
it entails fluid motions (convection currents ) , which 
can occur in a closed system only if the motions 
tend to reduce the potential energy of the system. 
This will be the case in a star if any fluid element 
that is initially less dense than the surrounding ma- 
terial remains so as it falls and contracts. Because 
a rising or falling fluid element is always at the 
same pressure as the surrounding material, it will 
be less dense than its surroundings if its tempera- 
ture is higher, more dense if its temperature is 
lower. Thus the important criterion for convection 
in stellar interiors: Convection prevails if, and 
only if. It tends to establish a temperature gradient 
that is less steep than the one which would be 
established in its absence. 

Because the convective gradient is normally 
sleeper than the radiative one in stellar interiors, 
radiative transfer is the noimal mode of heat flow. 
But there are two situations in which convection 
predominates: in cores of upper-rnain-sequence 
stars, and in hydrogen (onveclion zones. In the cen- 
tral tores of stars that derive their energy from the 
carbon proton (aptiire cycle, such as in upper- 
main-sequetu e stars, the temperature gradient that 
would be set up in the absence of convection is ex- 
i optional I V sleep as a icsult of the extieme tem- 
perature sensitivity of the nuclear reaction rate 
( 5 CC Thermonik ij AR RiAf iion). These stars have 
convective cores, which increase in relative size 
with increasing luminosity, attaining a radius one- 
fifth the stellar radius in a main-sequence star of 
10 solai masses. Lower-main-sequence stais, which 
derive their energy from the proton-proton chain, 
have radiative cores. 

The I onvective gradient is exceptionally flat in a 
partially ionized gas, because the addition or with- 
drawal of heat tends to alter the degiee of ioniza- 
tion rather than the temperature. In a star, the re- 
gion where hydrogen is partially ionized, if such a 
region exists, ought to be convective. This region is 
known as the h>drogen convection zone. In the 
Sun it is thought to begin nine-tenths of the way 
out from the center and to extend nearly, but not 
quite, to the surface, being surmounted by a thin 
layer in radiative equilibrium. Upt>er-main-8e- 
quence stais do not possess a hydrogen convection 
zone because all their hydrogen is fully ionized. 
Lower-main-sequence stars, on the other hand, pos- 
sess deep convective envelopes. In a star six-tenths 
as massive as the Sun, convection sets in two-thirds 
of the,way out and persists to the surface. Thus, the 
most extensive convection regions occur in stars at 
the extremes of the main sequence; the most lumi- 
nous stars have convective cores .surmounted by a 
radiative envelope, and the least luminous have 
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mdiative cores surmounted by a convective enve- 
lope. 

G>nvection does not interfere with the radiative 
transport of energy, except insofar as it reduces 
the temperature gradient. Thus, even in a convec- 
tion zone, radiative transport may account for a 
substantial proportion of the heat flow. 

Deep interior. Even in relatively cool stars the 
region where hydrogen and helium are completely 
ionized contains virtually all the mass. In the deep 
interior, the molecular weight lies between ^4, 
the value appropriate for hydrogen alone, and %, 
the value appropriate for helium alone. As hydro- 
gen is converted to helium by thermonuclear reac- 
tions. the molecular weight gradually increases and 
tends to enhance the luminosity. 

At the pressures and temperatures that prevail in 
stellar Interiors the heavy elements are highly, but 
not completely, ionized. Despite their comparative 
paucity, partially stripped heavy atoms contribute 
strongly to the opacity of stellar material, and for 
this reason the heavy-element abundance is an im- 
portant parameter in the theory of stellar evolution. 

Opacity plays a role in radiative transfer which 
is analogous to that of resistance in molecular con- 
duction. If the opacity of a star could be every- 
where doubled, its luminosity would be halved. The 
reciprocal of the opacity is the distance that a 
quantum of radiation, or photon, can be expected 
to travel before being absorbed or scattered. A typ- 
ical value for this distance in stellar interiors is 
10*^ cm. Because the free path of a photon is so 
small compared with stellar radii (the radius of the 
Sun is 7 X 10’® cm) and becau.se radiative trans- 
fer is a diffusion process, it takes a long time, of 
the order of 10® years, for any change that occurs 
in the deep interior to affect the luminosity. More- 
over, sharp changes in the deep interior undergo a 
considerable smoothing before they show up as 
changes in luminosity. Therefore, variations in lu- 
minosity with periods of the order of days or frac- 
tions of a day. such as occur among variable stars, 
cannot be attributed to variations in the rate of 
energy production. 

Stellar opacity has three main sources, all of 
which are photon-electron interactions: (1) photo- 
ionization. (2) free-free transitions, and (3) elec- 
tron (Thompson) scattering. All contribute to 
the specific opacity (opacity per gram of stellar 
material). Contributions of bound-free and free- 
free transition.^ increase with density and decrea.se 
with increasing temperature. Electron scattering 
makes the dominant contribution in the very hot 
interiors of upper-main-sequence stars and red 
giants; bound-free and free-free transitions, in 
middle- and lower-main-sequence stars. 

The contribution of bound-free transitions to the 
opacity is proportional to the abundance of heavy 
elements, because all the hydrogen and helium is 
fully ionized in the deep interior, and is approxi- 
mately equal to the free- free contribution wheh the 
abundance of heavy elements is about 1%. Hence 
the bound-free contribution is dominant in Popula- 


tion I (disk-type) stars, whose heavy element libun- 
dances may reach 3%, and insignificant in .Popu- 
lation 11 (halo-type) stars, which are believed to 
have heavy-element abundances considerably, less 
than 1%. Halo-type stars should therefore be 
brighter and bluer than disk-type stars of the same 
mass if the radii are nearly the same. 

Sources of stellar energy. There are strong 
reasons for believing that the Sun has been shining 
at essentially its present rate (4 X 10®® ergs/sec) 
for at least 5 X 10® years, .so that a total of about 
6 X 10®® ergs has already been radiated. This im- 
plies an average energy yield of 3 X 10’^ ergs/g, 
which is several orders of magnitude higher than 
could be provided by chemical reactions, which 
have yields of the order of 10’*^ ergs/g. 

A more promising source of stellar energy is 
gravitational contraction. About half the energy re- 
leased when a star contracts under its own gravita- 
tion is used to increase the internal temperature; 
the rest is radiated away. Had^ the Sun initially 
been much more distended than it is now, about 
10” ergs/g could have been released by gravita- 
tional contraction, but this is only enough to keep 
the Sun shining at its present rate for a few mil- 
lion years. 

Thermonuclear reactions are the main source of 
stellar energy (5ee Cahbon-nitrocen cycle; Pro- 
ton-Proton chain). In upper-main-sequence stars, 
the carbon cycle i.s the main reaction; in the Sun 
and less massive main-sequence .stars, the proton- 
proton chain provides the energy. Both these reac- 
tions convert hydrogen to helium and yield about 
6 X 10’® ergs/g. This is enough to keep the Sun^ 
and less massive main-sequence stars shining for 
5 X 10® years and more, but upper-main-sequence 
stars would exhaust their supplies of hydrogen in 
much shorter periods of time because Juminosity 
increases much more rapidly than ma.ss along the 
main sequence. A .star of 10 solar mas.ses. for in- 
stance, is perhaps 10^ times as luminous as the 
Sun and would therefore exhaust its hydrogen a 
thousand times as fa.st as the Sun. The upper-main- 
sequence stars that we observe today must, there- 
fore, have been formed at a comparatively recent 
epoch in the history of the Galaxy. 

Contraction of protostars. Little is known about 
the properties of newly formed stars, but it seems 
likely that the majority of .stars begin as cool, dis- 
tended. irregular blobs of gas (see Cosmogony). 
Being too cool and too tenuous to support ther- 
monuclear reactions, a protostar must contract to 
supply the energy that it radiates, and the rate of 
radiation determines the rate of contraction. A star 
that is in this stage of its evolution will appear con- 
siderably redder and somewhat less luminous than 
a main-.sequence star of the same mass. Clusters of 
such stars have been found, and most of these con- 
tain upper-main-sequence stars as well, a sign of 
extreme youth. 

According to current theoretical views, the con- 
traction of upper-main-sequence stars continues for 
about 10® years. There is soitte evidence, however, 
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that lower-main-aequence atara may contract in 

muchahorterintervala. 

When the central temperature and density of a 
contracting star attain sufficiently high values, ther- 
monuclear reactions begin to supply some of the 
energy, and the contraction slows down. Finally the 
reaction rate just balances the radiation rate, and 
contraction ceases. A slight over-contraction would 
cause the reaction rates to exceed the radiation 
rate, the star would expand, and the balance would 
be icstored. Thus the equilibrium is stable. 

Main-sequence stars. As a star contracts, both 
Its effective temperature and its luminosity increase, 
temperature more rapidly than luminosity. In the 
subsequent phase of stellar evolution, observable 
properties of a star change at a much slower rate, 
and Jts representative point in the H-R diagram 
Slavs on or close to the main sequence. The dura- 
tion of this phase ranges from a few million years 
for the most luminous upper-main-sequence stars 
to upwards of 10*^ years for lower-main-sequence 
■^lars. During this period, hydrogen in the core is 
being converted to helium. The main-sequence 
phase ends when this process has been completed 
and the core consists wholly of helium and heavy 

flements. 

The evolution of a hydrogen-burning star depends 
(iiHcdllv on what happens to the helium that is pro- 
diued. No appreciable mixing occurs between the 
Indrogeii-burning core and the rest of the star, he- 
<duse this core is surrounded by a quiescent zone in 
radialnc equilibrium which ellettivelv prevents in- 
termixing of the material on either side of it. Stel- 
lar rotation is unable to promote internal convec- 
tion and hence mixing. Consequently the helium 
|)rodnced in the core remains there. Because no he- 
lium IS pioduc'cd in the outer layers, the star gradu- 
ally develops a chemically inhomogeneous struc- 
hiic This inhomogeneity is of crucial importance 
loi the subseiiuent evolution. As the difference in 
inole*uIa! weight between core and envelope be- 
( nines moie marked, the envelope must distend to 
preserve equilibrium. This tends to lower the star’s 
effective temperature. Also, the development of a 
helium core enhances the luminosity, which tends 
to raise the effective temperature. The net result is 
iliat the effective temperature at first increases with 
luminosity, then decreases sharply. The total 
change in color and luminosity is, however, small 
during this phase. 

In stars with quiescent (radiative) cores, the re- 
gion where hydrogen is exhausted gradually in- 
‘reases in size; meanwhile the zone where nuclear 
reactions are continuing steadily ^rows smaller. In 
''tars with convective cores, the core remains chemi- 
* ally homogeneous, but its hydrogen content gradti- 
®*ly diminishes, as the helium that is produced at 
*hc center is transported by convection to the outer 
part of the core and the hydrogen in the outer part 

carried to the center. In either case an inert iso- 
Jnermal core ultimately results, made up largely of 
1 and containing about 10% of the star’s 

I nrass. In a thin shell surrounding the core hydrogen 


is still being consumed. The extended envelope is 
not sufficiently hot and dense to support thermo- 
nuclear reactions. 

Rsd giants. The development of a helium core 
results in an unstable configuration. The core con- 
tracts, growing hotter and denser, while the enve- 
lope expands to perhaps a hundred times its initial 
size: the star is now a red giant. The theory of red 
giants is still in a formative stage, but it seems 
likely that there are two distinct evolutionary paths 
that a star can follow and that the choice depends 
on the stellar mass. If this is below a certain value, 
not much greater than the mass of the Sun, the con- 
traction of the core soon results in a stable con- 
figuration. The stability is due to the onset of de- 
generacy in the core, which increases the pressure 
to such an extent that the contraction virtually 
ceases. The hydrogen-burning shell gradually works 
its way outwards, the star meanwhile becoming pro- 
gre^^sively brightei and redder. 

Because red giants are so distended, their outer- 
most layers are weakly bound by the gravitational 
attraction of the underlying matter. A considerable 
portion of this weakly held envelope may subse- 
quently be elected into space. Observational evi- 
dence for mass ejection bv luminous red giants has 
been found in recent years, but the quantity of 
matter ejected and the times of ejection are not yet 
known. 

In stars considerably more massive than the Sun, 
the onset of degeneracy in the contracting helium 
core is not sufficient to halt the contraction, which 
continues until the temperature in the core has 
risen to the point where helium-burning reactions 
begin to occur at a significant rate. These reactions 
require exceedingly high densities and tempera- 
tures in the region of (see Fusion, nu- 

(lkar). The reactions convert helium into carbon, 
oxygen, neon, and magnesium. Further contraction, 
following the exhaustion of helium, leads to still 
higher temperatures and densities and to a series 
of intricate nuclear reactions in which the produc- 
tion and capture of neutrons is thought to play an 
important part. These reactions release energy so 
rapidly that the star may explode, thus becoming a 
supernova (sec Nova). 

White dwarfs. Supernovae are thought to be the 
end product of one of two possible lines of evolu- 
tion, the line taken by stars considerably more mas- 
sive than the Sun. The other line of evolution leads 
to white dwarfs. Evolution of a star from a red 
giant to a white dwarf is not understood in detail. 
•The extended hydrogen envelope of the red giant is 
partly converted to helium and added to the core 
and partly, perhaps, ejected. Ultimately there re- 
sults a star that is all core and that is neither burn- 
ing nuclear fuel nor contracting but simply grow- 
ing progressively cooler. 

Except in their outermost layers white dwarfs 
are in a state of almost complete degeneracy. This 
means that the pressure forces which keep the star 
from collapsing under its own weight do not arise, 
as in an ordinary nondegenerate gas, from thermal 
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„ qI iAe efceiwww only {the ionic motions fte atmosphere of t ttat 

eotttt^bnte virtual/y nothhig to the pressure) that force of the ateUar magoetk StSd an 

are nontlMsnna) in origin and persist even at the traJ lines are split into polariaed oompoi|iai^^ 
absolnte aero of temperature. These nonthermal mo- astronomer can photoj^apfa the speciynm * 

tions are a consequence of the celebrated uncer- measure the Zeeman splitting, unless thetline.** 

tainty principle, one of the basic laws of quantum t>rAB<l*ns<t K« A*k.. . *r 

meehanics, which specifies, among other things, 
that the momentum of a particle known to hr 
mthiB a certain volume cannot be reduced below a 


too much broadened by other effects suA #« o, 
Doppler effect in a rapidly rotating star 
Star). 

Earth has a magnetic beld of about 0.6 mti.,. . . 


vslue that depend^ on this volume, and it increases it was *ihown in 1953 that the Sun has a general 

- - , . J-* Lb* L 1 I* I . . 


as the volume decreases (see Un( hhja/nty pRiivrh 
ple). An increase in the density of a gas diminishes 
the volume per particle and thus increases the zero- 
point pressure, as the nonthermal part of the pres- 
sure is called. 

As a star contracts and the material of whii'h it 
is composed approaches depjeneracy, gravitational 
forces and zero- point pressure forces increase. At 
first the latter increase faster than the former, but 
at high densities the two rates become equal. If 
the mass of the star is less than a critical value, 
which depends on the molecular weight hut is in 
anv case not much greater than tlie mass of the 
Sun. there is a unique value of density (and hence 
of stellar radius) at which the pressuie forceps pist 
balance the gravitational ones; this is the equilib 
Hum configuration of a white dwarf. The gn*atei 
the mass of the star (provided that it is less than 
the (litical value) the smaller is its radius. If the 
mass exceeds the critical value, equilibrium can 
never be attained; verv massive stars probablv end 
catastrophically. 

The (lartial pressure of the ions in the inteiifii 
of a white dwarf is much smaller than that of the 
electrons, and if the ions could move freely they 
would fall into the < entei of the star, leaving the 
electrons behind. Some charge separation does in 
fact ociiii. and gives rise tt» a ladial electiic field. 
It is this elec trie field that halaiic es the gravita- 
tional forces ac ting on the ions. 

The ( hief mechanism of heat flow in white 
dwarfs is electron conduction, which in all other 
kinds of stars is negligible compared with radiative 
transfer. It owes its importance in while dwarfs to 
the extraordinary mobility of elec’trons in a degen- 
erate gas I D-T • 1 

stellar magnetic field 


or 


dipolar held, observable in high heliograpbic lati 
tudes, some 2 or 3 times stronger than that of 
Earth. There are much stronger fields in transiton 
local magnetic regions, including sunspots, m 
lower latitudes. C. E. Hale, in 1908, showed that 
sunspots have magnetic fields ranging up to 3000 
gauss or more. 

Observations with the 100-in. and 200-in. tele 
scopes of the Mount Wilson and Palomar Observd 
tories resulted in the measutjf'ment of magnetic 
fields in about 90 of the brighter stars that have 
sharp spectral lines Field intensity ranges up to 
5100 gauss in the A-type star 53 Camelopardalis- 
Stellar fields vary with lime, and most of the vana 
tions are irregular, showing that intrinsic change^ 
occur in the stellar almospheic and in the assoc i 
alc*d magnetic lines of force Modulation of the 
apparent field also inav result fiom axial rotation 
Eight magnetic stars show pei iodic allv varying 
fields of large and somewhat itregular amplitude 
all these shc»w reversals of polaritv The periods In 
lietween 4 and 10 davs 

Magnetic stais show anomalous abundances IW 
the elements; this is attributed to external nucleai 
leactions resulting from high-energv acceleration 
of ions in fluctuating magnetic fields of the stellar 
atmosphere The^^eld of a star c ontrols the dispo 
sitioii of circ umsielldr ionized gases and so is of 
impeutance in c’osniogonv. in the evolution of stel 
lar systems, and in acceleiafion of cosmic ravs 

Th w.b 

BihUography\ H W Babcock, A catalog of mag 
netic stars, Astrophys. suppl. 3(30), 1958 
H. W. Babcock, Magnetic fields of the A-tvpe stars 
Astrophys. J., 128:228-258. 1958; T C. Cowling 
Magnetohydrodynamics, 1957; S. Fluegge (ed ) 
Handhuch dcr Physih, vol. 51, 1958; 0. P. Kuipfr 
(cd.). Stars and Stellar Systems, 1960. 


The Sun and many other stars possess magnetic 
fields similai to that of Earth (vee (iI-omagnft- 
isM). Sinc'e 1945 it has hec'ome incieasinglv evi- 
dent that gross electromagnetic phenomena are of 
univeisdl importance in the physics of the stars and 
of the rarefied gases in the space between them 
(see Magm- iohydrodynamk s ) . 

Detection of magnetic fields of the Sun and stars 
and measurement of their intensities in gauss and 
their polarity as positive or negative or as north or 
south are accomplished by collecting the light with 
a telescope, analyzing it with a spectrograph, and 
studying the Zeeman effect in the spectral lines 


stem (botany) 

The stem is the organ of vascular plants that iisii 
ally develops branches and bears leaves and flowei** 
On woodv stems a branch that is the current sea 
son’s growth from a bud is called a twig. The 
stems of some species produce adventitious root** 
.See Root (not any). 

GENERAL CHARACTERISTICS 

Position. While most stems are erect, aerial 
structures, some remain underground, others creep 
over oi lie pro.strate on the surface of the ground- 


[and Btill «re «> ebcm and dial 

'the plants are sadd to be ateniless, or aoaoleacent 
(Fig. D* flattened immediately 

^|,ove but not on the ground, with tips curved up- 
ward, they are said to be decumbent, as in juni- 
per If stems lie flat on the ground but do not root 
at the node*^ (joints), the stem is called procumbent 
or prostrate, as in purslane. If a stem creeps along 
llip ground, rooting at the nodes, it is said to be 
repent or creeping, as in ground ivy. 

Shape and texture. Most stems are cylindrical 
and tapering (terete), appearing circular in cross 
section, others may be quadrangular, as in mints; 
or triangular, as in some sedges. 

Herbaceous stems (annuals and herbaceous per- 
ennials) die to the ground after blooming or at the 
end of the growing season (see Anisuai plants). 
Thr\ usually contain little woody tissue. Woodv 
stems (peiennials) have considerable woody sup- 
porting tissue and live fiorn year to yeai (apc Pfr- 
i\NKi PI ants), a woody plant with no main stem 
or trunk, but usually with seveial stems developed 
from a < ommon base at or near the ground, is known 
as a shiub. Suffrulesccnt stems are intermediate be- 
tween herbaceous and shrubby and become partly 
woodv and perennial at the base, as in tcaberry. 

Specialized stems. The stems of some plants are 
highlv modified in various ways (Fig 2 ). An under- 
ground horizontal stem is a rhizome ot rootstock. It 
mav be thickened, as in Solomon’s seal; slender, as 
in Beimuda grass; or contracted at regular inter- 
\als n« in pepperroot, in which case it is a monili- 
form rhi/ome A caiidex is an uptight perennial un- 
(lei ground stem, it is much like a rhizome but 
gmws verlKdllv. as in tnllium The term caiidex 
applied also to the tiunks of tialrri trees which grow 
m <1 similar manner but above ground Tubers are 
(iilarged ends of rhi/omes in whub food accumu- 
lates as in white potato A conn is a short, eiect. 
flesin suliterranean stem usual] v broader than high 
and often covered with dry membranous coats, as 
m ( ro< us A bulb may be regarded as a short, sub- 
ten anean stem with many overlapping fleshy leal 
l)as«‘s 01 males, as in onion. A sca])e is a leafless 
flowering stem arising from the ground, as in plan- 
tain in dandelion A thoin is a iigid, sharp- pointed 
modified brnm li of a woody plant, as in hawthorn. 
\ tendril is a slender coiling structure capable of 
twining about a support to which the plant is then 
attached, as in grape. A cladophyll, or phylloclade, 

a usually flattened stem resembling a leaf that 
arises in the axil of a minute leaf (scale), as in 
asparagus. In some instances the resemblance of a 
fiddophvll to a leaf is noted only or mainly in its 
preen color, as in certain species of cacti. See 
ORGANS. [n.A.] 

EXTERNAL FEATURES OF STEMS 

Morphologically, a branch or shoot consists of a 
‘’tf'tn, or axis, and leafy appendages. The stem 
tna> be distinguished from other plant parts by cer- 
external features. True stems arise from the 




(a) (e) 

Fig. 1. Kinds of stems, (a) Woody (plum) (b) Acoules- 
cent (evening primrose) (c) Decumbent (juniper), 
(cf) Procumbent (purslane), (e) Repent (ground ivy). 



Fig 2. Specialized stems, (a) Rhizome (Solomon's 
seal) (b) Rhizome (gross), (c) Moniliform rhizome (pep- 
perroot). id) Coudex (tnllium). (e) Tuber (potato). 
if) Corm (crocus), (g) Section of corm. (b) Tunicated 
bulb (onion), ii) Scaly bulb (lily). (/) Scope (English 
plantain), (k) Thorn (hawthorn). (/) Tendril (grape), 
(m) Cladophyll (asparagus). 

epicotyl of the seed or from buds, have nodes and 
internodes, bear leaves and buds (and sometimes 
'roots and flowers) at the nodes, and have character- 
istic markings, such as leaf scars and lenticels (Fig. 
, 3 ). Secondary growth, however, eventually obscures 
the division of the stem into nodes and internodes 
and the structural relations between stems and 
leaves. See Leaf (botany) ; Seed (botany). 

Nod^S. The nodes are the regions of the primary 
stem or axis where leave.s and axillary or accessory 
buds arise. The number of leaves at a node is usu- 
ally specific for each kind of plant. In deciduous 
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Fig. 3 A woody twig in winter condition (horse chest 
nut) showing characteristic stem markings and apical 
dominance (From E W Sinnotf and K S Wilson, Bot- 
any Principles and Problems, 5th ed , McGraw-Hill, 
1955) 


plants, the point of former attachment of leaf is 
marked on the stem by the leaf sc ar, where before 
leaf fall the abscission (separation) layer was 
formed at the base of the leaf petiole (see PIA^T 
growih) Within the leaf scars are small bundle 
scars left by the broken ends of the vase ular (con- 
ducting tissue) connections between stem and leaf 
The shape of the leaf scar is rather characteristic 
for a given species and may help in its identifica 
tion Flower and fruit sc ars. marking the points of 
attachment of flowers and fruits, may also be visi 
ble. usually just above or to the side of the axillary 
bud. See Flowfr (botany), Fruit (botany) 
Whereas nodes are conspicuous in dicotyledons, 
they are often indistinct among monocotyledons, in 
which the broad leaf bases may be set in such close 
succession that no distinction between nodes and 
internodes is apparent 

Intemodes. The stem regions between nodes are 
called internodes The length attained varies greatly 
among stems, in different parts of the same stem, 
and under different growing conditions. In general, 
the growth of the internode is related to the devel- 
opment of the subtending leaf and each internode 
grows independently. The order of internode de- 
velopment in dicotyledons is from below upward. 
A single internode may also elongate first below 
then above, but often, especially in many monocot- 
yledons, the principal elongation occurs at the base 
of each internode. ' 

Lenticels. These are small loosely arranged 
masses of cells in the bark, often slightly raised or 


ridged (Fig. 4). From the surface they appear as 
transverse or longitudinal lens-shaped structures. 
Lenticels usually arise beneath stomata. Their in- 
tercellular spaces are continuous with those in the 
interior of the stem, therefore they may be con- 
cerned with gas exchange. Their size and shape 
vary among species and with age. Some few spe- 
cies lack lenticels. See Periderm. 

Bud scales. Buds in perennial plants are pro 
tec ted by a series of modified leaves or bud scales, 
which in turn are often covered with hairs or wax 
Special structural arrangements such as enclosure 
by the growth of the base of the leaf stalk, are 
found in some plants, especially in the tropics. Buds 
with protective structures are called covered or pro 
tected buds Herbaceous plants have naked buds 
that is, without scales or other protection. 



Fig 4 Portion of a cross section of a young stem of 
elder, Sambucus canadensis, showing a lenticel (From 
G H Conant, Inarch Products) 


Bud scale scars. Narrow nnglike mat kings in 
the bark at the limit of each year’s growth are 
called bud scale srars Commonly, these marking*- 
are the scars left by the fallen bud scales of the 
terminal bud of the preceding year The bud scale 
scars occur in bets beiause the internodes be 
tween the scales do not elongate The age and 
yearly growth in length of a branch can be deter 
mined by observing the number of sets of the»-( 
scars and the distances between them 

Bud types. Buds may be classified as terminal 
axillary, accessory or supernumerary, and advent! 
tious. Buds are partly developed shoots or undif 
ferentiated masses of meristematic cells. See Bnn 
(botany). 

Terminal or apical buds. These are buds at the 
tips of branches, often the largest buds on the 
plant, which usually contribute to the growth m 
length of the stem bearing them. 

Axillary or lateral buds. Axillary buds are those 
located on the sides of the stem in the axils of 
leaves. They are initiated exogenously (in super- 
ficial tissues) at nodes, somewhat later than the 
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subtending leaves, and seldom develop immediately Branching stetns. These stems are of two types, 
after initiation, but remain dormant. If the axillary exourrent and deliquescent. 

hud develops into a branch, the latter is gradually The ’excurrent stem has one main vertical stem or 
organized to resemble the terminal shoot in struc- trunk which tapers toward the tip. Typically among 
ture. the horizontal branches, the longest and oldest are 

Accessory or supernumerary buds. In some spe- at the base and the shortest and youngest upper- 

cies. additional buds are produced above or beside most so that the plant has a conical form, as in 

the axillary bud. These buds may remain dormant, pine. 

develop as flower buds, or may grow vegetatively In the deliquescent type of stem, exemplified by 
like the axillary buds. elm, the vertical main stem rises for a short dis- 

Adventitious buds. Adventitious buds are those tance, then divides into offshoots which branch 

produced from differentiated (mature) tissues of again and again so that a main axis is no longer 

root, stem, or leaf, or from wound callus. In angio- evident. 

sperms they have been observed on hypocotyls There are three major types of branching: di- 
(. seedling stem below the cotyledons), but rarely chotomous, monopodial, and sympodial. Dichot- 

on stems. omy is the simplest type and occurs by division of 

Bud dnvelopmgnt. The majority of the buds of a the apical growing point into two equal forks. Di- 
plant remain undeveloped for indefinite periods and chotomy is rare in angiosperm stems. If the termi- 

are known as dormant, latent, or potential buds in nal bud of the central axis or a main branch 
contrast to active or developing buds. maintains apical dominance and the axillary buds 

In many trees and shrubs, especially those with form only lateral and subordinate branches, the 
large, scaly, overwintering terminal or subtermi- branching is called monopodial (Fig. .S). If the 
nal buds, the whole year’s growth is laid down in 
rudimentary form in the bud during the early sum- 
mer. The next spring these terminal or upper buds, 
which are generally more vigorous than those lower 
down, expand by elongation of internodes. Some 
buds, especially flower buds, may form in the spring 
of the same season during which they expand. In 
Irccs, most of the lateral buds remain dormant for 
the first season, and only a few grow into branches 
the following spring because of the apical domi- 
nance of the terminal bud, which may extend 
.V4 ft downward. By competing for nutritive or 
other growth factors, or by forming inhibitory con- 
centrations of growth hormones, the terminal bud 
may prevent even the formation of lateral buds 

Plant hormones). Conversion of a vegetative f'S* branching in typical trees, (a) Soar- 

ternihiul bud to a flower bud, or its wounding or *** coecineo, monopodial branchbig. 

dec apitation, releases axillary buds (usually the (b) American elm, U/mo$ americono, sympodial branch- 
most apical) from inhibition. Ordinarily the most ^-nnotf and K. S. Wilson, Bofony: 

vigorous of the axillary shoots that develop rees- Problems, Sih ed., McGraw-Hill, 1955) 

tahlish apical dominance. Axillary buds that have 

remained dormant for years may occasionally form apical bud terminates growth as a flower bud, or 

branche.s from the sides of old stems. Most branches dies back, or is injured, or otherwise loses domi- 

arising from old trunks, as in willows, poplars, or nance, the subsequent growth by the axillary buds 

apple, especially when such trunks are wounded is called sympodial branching, 
nr pollarded (cut back), originate from adventi- Trees such as pine, spruce, or fir have excurrent 
tious buds. form and mono)K)diaI branching, whereas horse 

The stems of some plants, as those of most per- chestnut, maple, or apple have deliquescent form 

ennial herbs, die down to or beneath the surface and monopodial branching. Plants such as elm, li- 

of the ground. In such plants, lower and older lac, and catalpa have a deliquescent form and 

axillary buds are more vigorous than the terminal, ^sympodial branching. 

these alone develop into branches the next Leafy stems that are indefinite or unlimited in 

growth are termed long shoots; those definite or 
Stem form and branching. The large and con- limited in growth, characterized by unelongated 

'^Picuoiis stems of trees and shrubs assume various internodes causing the leaves to appear as though 

arranged in whorls, are called short shoots. Short 
Columnar stems. This type of stem is cylindrical, shoots usually are sympodial systems specialized 

•mbranched, and usually bears at its summit one for reproduction, as the spur shoots of apple. In 

set of large leaves, as palms and bamboos, or no a sympodial system, the branch appears single, but 

p at all, as cacti {see Bamboo; Cactus; actually it is composed of a series of lateral 

branches arranged in lineal order. Reversions to 
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vegetative long shoqts may occur in short shoots. 

Among the external stem characters, the arrange- 
ment of leaves, the leaf scars, the number and ar- 
rangement of axillary buds, the stem form and 
method of branching, and the bark pattern are all 
good taxonomic characters (sec Bark; Plant tax- 
onomy; Trke). 

INTERNAL FEATURES OF STEMS 

Tissue systems. The stem is composed of the 
three fundamental tissue systems that are found 
also in all other plant organs: the dermal (skin) 
system consisting of epidermis in young stems, of 
periderm in older stems of many species; the vas- 
cular (conducting) system consisting of xylem 
(water conduction) and phloem (food conduction) ; 
the fundamental or ground tissue system consisting 
of parenchyma and sclerenchyma tissues in which 
the vascular tissues are embedded {see Epidermis, 
plant; Parenchyma; Phloem; Sclerenchyma; 
Xylem). The arrangement of the vascular tissues 
varies in stems of different groups of plants but 
frequently these tissues form a hollow cylinder 
enclosing a region of ground tissue called pith and 
separated from the dermal tissue by another region 
of ground tissue called cortex (see Cortex, plant; 
Pith; VASCtrLAR bundles). 

Primary and secondary tissues. Part of the 
growth of the stem results from the activity of the 
apical meristem located at the tip of the shoot (.sec 
Meristem. apical). The derivatives of this meri- 
stem are the primary tissues: epidermis, primary 
vascular tissues, and the ground tissues of the cor- 
tex and pith. In many species, especially those 
having woody stems, secondary tissues are added 
to the primary. These tissues are derived from the 
lateral meristems oriented parallel with the sides 
of the stem: cork cambium (phellogen) that gives 
rise to the secondary protective tissue; periderm, 
replacing the epidermis; and vascular cambium, 
which is inserted between the primary xylem and 
phloem and forms secondary xylem (wood) and 
secondarv phloem (see Meristem, lateral). 

Stele. The vascular tissues and the closely asso- 
ciated ground tissues — pericycle (on the outer 
boundary of vascular region), interfascicular re- 
gions (medullary or pith rays), and frequently also 
the pith — may be treated as a unit called the stele 
(.see Pericycle; Stele). The variations in the ar- 
rangement of the vascular tissues serve as a basis 
for distinguishing the stelar types. The word stele 
means column and thus characterizes ihe system 
of vascular and associated ground tissues as a col- 
umn. This column is enclosed within the cortex 
which is not part of the stele. 

PRIMARY STATE OF STEMS 

The leafy stem of the plant is initiated as a 
shoot primordium in the embryo. This primordium 
is called the plumule, or epicotyl, and is located 
above the insertion of the cotyledons (seed Iqgves) 
on the hypocotyl. The epicotyl has an apical meri' 


stem that gives rise to all subsequent primary parts 
of the leafy stems. In the primary growth of the 
stem, nodes and internodes are differentiated and 
the leaves appear in a characteristic arrangement 
(phyllotaxis). The cells derived from the apical 
meristem compose the meristematic precursors of 
the primary tissues of the stem and are called pri- 
mary meristems. These meristems differentiate into 
the primary tissue systems. 

Shoot apex or apical meristem. This so-called 
growing point consists of the meristematic initials 
and their derivatives. The organization of the apical 
meristem varies in different groups of plants. In the 
angiosperms the initials are usually arranged in two 
or more layers (tiers), frequently three; in most 
gymnosperms in one layer; and in the ferns and 
still lower vascular plants the shoot tip may bear a 
single initial. The organization in the angiosperms 
is referred to as that of tunica and corpus. The 
outermost tier or tiers of initials and their immedi- 
ate derivatives constitute the tunica, the innermost 
tier and its immediate derivations compose the 
corpus. The tunica is a mantlelike region enclosing 
the corpus or core. The tunica increases only in 
surface by anticlinal (at right angles to the sur- 
face) divisions; the corpus shows volume growth, 
for its cells divide in various planes. All the initials 
and their first derivatives together are often desig- 
nated as a promerislem. Below this promeristem 
are partially differentiated tissues, the primary 
meristems, named from the periphery inward: the 
protoderm, the outer ground meristem. the procam- 
bium, or provasciilar tissue, and the inner ground 
meristem. As stated previously, the primary mcri-^ 
stems differentiate into primary tissue systems: the 
protoderm into the epidermis, the ground meristem 
into tissues of cortex and pith, and the procambium 
into primary vascukr tissues. 

Differentiation. The complex of physiological and 
morphological changes that occur in a cell as it de- 
velops from a meristematic to a mature state is 
called differentiation. Common evidences of differ- 
entiation of cells are vacuolation (water uptake), 
accumulation of ergastic substances (metabolic 
products), formation of plastids, increase in thick- 
ness of the cell wall and its impregnation with 
new wall substances. In highly specialized cells the 
nucleus may break down (sieve elements in the 
phloem) or even the entire protoplasm may be lost 
(water-conducting cells in the xylem). See Cell 
(biological). 

Primary tissue systems. As seen in the stem as a 
whole, the primary tissues form integrated systems 
and are referred to as the primary tissue systems: 
the epidermis (or epidermal system), the ground 
tissue system, and the primary vascular system. 

Epidermis. The epidermal system differentiates 
from the protoderm. The epidermis is usually 
composed of a single laya^ ef cells. Occasionally^ 
the protoderm divides periclinally (parallel to the 
surface) and produces a multiple epidermis. Epi- 
dermal cells may be variously modified into guard 
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Fig. 6. Diagrammatic representation of a woody, di- 
cotyledonous stem in transverse and longitudinal sec- 
tion. It illustrates the gradual transition from primary 
growth (growth in length) to secondary growth (growth 
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in diameter). The primary plant body is derived from 
the apical meristem; the secondary plant body is pro- 
duced by the vascular cambium and the cork cambium. 


(dl.s with stomata, or the diverse epidermal ap- 
p(Midage.s called hairs, or trichomes. The walls of 
the epidermis are cutinized, that is, impregnated 
with a waxy substance, and the outer walls are 
covered with a continuous layer of the same sub- 
‘^tiince, the cuticle. 

Cortex. Between the epidermis and the vascular 
system is the cortex, formed by the outer ground 
tissue. However, there js no distinguishable cortex 
in plants in which the vascular bundles have a 
'scattered arrangement, as in corn. The outer layers 
nf the cortex frequently form collenchyma, a me- 
t'luiiiical, or strengthening, tissue (.see Collen- 
CHYM.\). The cortex may also include chlorenchyma 
(tissue containing chlorophyll). Still other cells 
may develop as sclereids, fibers, or laticifers. Se- 
cretory canals may be present. In water plants, the 
cortical parenchyma may contain large air spaces 
^nd is then called aerenchyma. The outermost lay- 
of the cortex are sometimes cutinized, like the 
p>idermis, and are referred to as the hypodermis. 

; Cortical parenchymal cells contain various in- 
t hj.sions such as starch, tannins, and crystals. 


EndodermLs. The innermost layer of the cortex 
(or possibly, in the lower vascular plants, the out- 
ermost layer of the stele) forms a histochemically 
di.slinct and sometimes a morphologically special- 
ized layer, the endodermis. If an endodermis is 
morphologically distinct, it forms a compact layer 
and the anticlinal walls of its cells bear a suberized 
and lignified band, or Casparian strip. The endo- 
dermis is found in the stems and roots of lower 
vascular plants, in the rhizomes and roots of seed 
plants, and in a few herbaceous stems of angio- 
sperms. It is not differentiated in the aerial stems 
of gymnosperms and most angiosperms (see Plant 
kingdom). In young stems of angiosperms a 
homologous layer contains abundant starch and is 
called the starch sheath. 

Pericycle. If a distinct layer or layers of cells 
are present between the ground-tissue endodermis 
and the vascular tissue, the tissue constitutes the 
pericycle. This tissue is interpreted as part of the 
ground tissue of the stele. The pericycle may consist 
of pareiH'hyma or sclerenchyma. It may be seen in 
the stems and roots of lower vascular plants, but is 
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u$uaUy absent in the steins of gymnosperms and 
angtosperms. The fibers located on the periphery 
of the vascular systems in many dicotyledons are 
often called pericycle fibers. In many species, how- 
ever, these fibers originate in the phloem. 

Pith, The ground tissue enclosed by the vascular 
tissues is the medulla or pith. In stems having no 
cortex, the pith also is not distinguishable. The vas- 
cular bundles may be scattered throughout the cen- 
tra] ground tissue, as in some monocotyledons; or 
there may be strands of internal phloem or com- 
plete vascular bundles located within the pith, as 
in some dicotyledons. The pith may consist of 
parenchyma or may become sclerotic (hard-walled) , 
especially at the nodes. The outer zone of the pith 
frequently consists of small rather persistent cells 
with more or less sclerified walls. Many herbaceous 
plants have hollow stems (internodes) because the 
growth of the pith fails to keep pace with stem 
expansion. Some woody plants, as the walnut and 
Liriodendron^ have a diaphragmed pith, that is, pith 
with thick-walled parenchyma cells and sclereids 
arranged in disks, or diaphragms, of firm tissue. 

Primary vascular system. In the ferns and the 
seed plants the primary vascular system, derived 
from the procambium, is composed of anastomos- 
ing (interconnected) vascular bundles. At each 
node some of the vascular bundles diverge into the 
leaves and axillary branches. A bundle in the stem 
which leads directly into a leaf is called a leaf 
trace; one leading into a branch is a branch trace. 
One or more leaf traces may be associated with 
each leaf. Where the leaf trace diverges from the 
stem into a leaf at a node, the vascular cylinder com- 
monly has a more or less circumscribed region of 
parenchyma. This region is called a leaf gap or 
lacuna. The lateral branches of most dicotyledons 
and gymnosperms have two branch traces. Some 
species have one trace per branch, others more than 
two. In monocotyledons, for example, the axillary 
shoot connection consists of many vascular strands. 
At the node, the branch traces may have a single 
branch gap which, moreover, is commonly confluent 
with the leaf gap. 

Separate parts of the primary vascular system of 
the stem constitute vascular strands or vascular 
bundles. The phloem and xylem within a vascular 
bundle may be arranged in various ways. The most 
common type in gymnosperms and angiosperms is 
the collateral bundle in which the phloem occurs 
only on one side of the xylem. If phloem occurs 
on both sides of the bundle, as in the Cucurbitaceae, 
the bundle is bicollateral. If one kind of vascular 
tissue completely surrounds the other, the bundles 
are concentric. The concentric bundle is amphi- 
cribral if the phloem surrounds the xylem, as in 
ferns, or amphivasal if the xylem surrounds the 
phloem, as in some monocotyledons and dicotyle- 
dons. 

The primary vascular system and associated fun- 
damental tissue is termed the stele. The^ simplest 
type of stele, and perhaps also the most jj^rimitive, 
is the protostele, in which a solid central core of 


xylem is surrounded by phloem, as found generally 
in the roots, in the stems of lower vascular plants 
such as the fern Gleichenia^ and the stems pf some 
water plants (Fig. 7). In the plant group Lyeppsida, 
the lycopods or ^‘ground pines’* have a unified 
protostele with alternating bands of xylem and 
phloem, and the *"club mosses” (Selaginellu) have 
separate protosteles supported in air spaces by 
radially elongated endodermal cells designated tra- 
beculae. In the stems of vascular plants located 
higher than Lycopsida on the evolutionary scale, 
the center of the stele is occupied by a pith and 
the vascular system has a tubular structure. The 
stele, therefore, is called a siphonostele (tubular ! 
stele). If the phloem occurs only on the outer side | 
of the xylem of a siphonostele (gymnosperms and I 
angiosperms), the stele is called an ectophloic 
siphonostele. If the phloem differentiates also on 
the inner side of the xylem (in such ferns as 
A diant um^ Dicksonia, and Marsilia) the stele is 
designated an amphiphloic siphonostele or a soleno- 
stele. In the ferns, in which if he stem is short and 
the leaves are set close together, the leaf gaps over- 
lap and the tubular stele is dissected into a network 
of distinct strands. Such a stele is called a dictyo- 
stele as in Polypodium and Dryopteris. Another 
modification of the siphonostele is the eustele, in 
which the vascular system consists of collateral or 
bicollateral strands and both interfascicular re- 
gions and leaf gaps are present. Eustele is charac- 
teristic of gymnosperms and angiosperms. The most 
complex stele, the atactostele, has a dispersed ar- 
rangement of strands, as in many monocotyledons. 

Primary development. The origin of the stem 
from the apical meristem is closely associJlcd 
with the development of leaves. At initiation, ihc 
leaf primordium is merely a small protuberance on 
the flank of the shoot tip and cannot be delimited 
from the stem^part to which it is attached. Onl\ 
later, as growth continues, does the primordium 
become an organ distinguishable externally and in 
ternally from the stem. The stem itself shows at 
first no division into nodes and internodes. It ap- 
pears like a complex of superimposed disks (future 
nodes), each bearing one or more leaf primordia 
depending on leaf arrangement. Later, during 
elongation, the disklike zones become separated 
from one another by cell division and enlarge 
ment between the levels at which the leaf primordia 
are inserted. Thus, the internodal elongation is ini- 
tiated and the stem becomes differentiated into 
nodes and internodes. The elongation of internodes 
is the phenomenon that brings about the character- 
istic rapid extension of new shoots during the 
spring growth of trees and shrubs. 

Internally, the differentiation of stem tissues is 
more or less closely correlated with the differentia- 
tion of leaves. In lower vascular plants with proto- 
steles in their stems, as the lycopods, the vascular 
system differentiates beneath the apical meristem 
as a column of provascular tissue (procambium)* 
and the leaf traces, which connect the small leaves 
with this column, differentiate later through the oor- 





Fig 7 Types of steles as seen in photomicrographs of 
cross sections of stems (a) Protostele (G/etchenia) 
bi Radiol (modified) protostele (Lycopodium) (c) Ec- 

U\ In jis differeniidlion the provasciilar tissue he- 
(oriK^ distinct from the surrounding ground tissue 
the I orlex becdiise the tells of the latter show 
tn inr ifdsr in vaeuoldtion and an overall enlarge- 
ment whereas the cells of the provast ulai tissue le- 
I un their dense cytoplasm and inerease in length 
1ml lemain narrow {%ee Cytopiasm). In the ferns 
and the seed plants, in which the leaves are more 
pruniinent parts of the shoot than in the lytopods 
and the vaseular system of the stem eonsists of a 
blinder of strands (siphonostele stnieture) con- 
nected with the leavei) at regular intervals (at the 
nodes), the vaseular system is initiated in relation 
to the leaves (see ANorosPbRMAE; Fiikalfs; Ly- 
< opoDiAi is) . Vaeuoldtion of the differentiating cor- 
tex and pith delimits the future vascular region as 
d still highly meristematic cylinder of cells. Then, 
'vithin this cylinder, procambial strands differenti- 
ate beneath the emerging leaf primordia chiefly by 
longitudinal cell division and cell elongation; that 
t*' the leaf traces are initiated. The cells between 
tilt* bundles that do not become procambial cells 
differentiate as parenchyma cells of the interfascic- 
ular regions and the leaf gaps. If followed down- 



tophloic siphonostele (Tilia). (d) Amphiphloic siphono 
stele (Dicksonia) (e) Dictyostele (Polypodium), 


ward in the stem, the young leaf traces will be 
found ]omed with one another and with older traces. 
Thus, the procambial strands form an intercon- 
nected system similar to that of the mature pri- 
mary vasculai system, except that all its parts are 
still short. The procambial system elongates in co- 
ordination with the other tissues of the inter- 
nodes b\ further division and elongation of cells 
Eventually, primary phloem and primary xylem dif- 
ferentiate in the procambial strands, the phloem in 
continuity with that of the older paits of the stem 
(acropetal differentiation, that is, from the base of 
the stem toward its apex), the xylem first appear- 
ing at the bases of leaves then differentiating in two 
^ directions: downward (basipetally) toward a con- 
nection with the xylem of older stem regions, and 
upward in the leaves. 

Differentiation of lateral buds. The lateral or 
axillary buds arise more or less close to the apical 
meristem of the terminal bud depending on the type 
of branching characteristic of the plant. The buds 
are initiated by cell division in the stem near the 
axils cif subtending leaves. The divisions occur in 
such a manner that eventually an apical meristem 
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of the bud is organized. The bud meristem may de- 
velop immediately into a side shoot by producing 
leaves and increments of stem, or it may interrupt 
growth after variable degrees of initial develop- 
ment. The lateral bud may also develop into an in- 
florescence or flower by appropriate changes in 
growth pattern as compared with that of a vegeta- 
tive shoot. The bud and parent stem establish a vas- 
cular connection through the bud traces, the dif- 
ferentiation of which is more or less similar to that 
of the leaf traces of the same plant. 

SECONDARY STATE OF STEMS 

The stems of gymnosperms, most dicotyledons, 
and some monocotyledons show an increase in thick- 
ness by secondary growth. A lateral meristem, the 
vascular cambium, produces secondary vascular tis- 
sues which constitute the secondary body. Also, a 
cork cambium, or phellogen, produces a secondary 
protective tissue called periderm, a tissue which re- 
places the primary protective tissue, the epidermis. 

The vascular cambium originates from the pro- 
cambial and certain parenchyma cells of the pri- 
mary body. Procambial cells that remain meriste- 
matic after the stem completes its elongation and 
the primary vascular tissues become mature, pro- 
ceed to divide periclinally (parallel with the sur- 
face). These cells are designated as cambial ini- 
tials. In addition, periclinal divisions are initiated 
by parenchymal cells between the vascular bun- 
dles; these cells also are cambial initials. Col- 
lectively all these initials constitute the vascular 
cambium. The part of cambium originating within 
the vascular bundles is the fascicular cambium, that 
arising in the parenchyma between vascular bun- 
dles, the interfascicular cambium (Fig. 8). 

The arrangement of the secondary vascular tis- 
sues produced by the cambium varies in different 
plants. This tissue may appear as (1) a continuous 
cylinder, (2) individual strands with secondary ac- 
tivity limited to the bundles (no interfascicular 
cambium is formed), (3) individual* strands, with 
secondary vascular tissues produced in the fascic- 
ular regions and secondary ray parenchyma in the 
interfascicular regions, or (4) anomalous (atypi- 
cal) arrangements characterized by uneven growth 
of xylem or phloem or by formation of successive 
cambia, one farther outward than the preceding. 

The cork cambium or phellogen originates in the 
epidermis or in the cortex from parenchyma or col- 
lenchyma cells. It produces phellem or cork out- 
wardly and phelloderm or secondary cortex in- 
wardly. 

Wo^y dicotyledons. The cambium is a continu- 
ous cylinder. The fascicular cambium produces sec- 
ondary xylem and phloem, the interfascicular cam- 
bium forms either the same kind of tissue as the 
fascicular cambium or only vascular ray tissue. 

As seen in cross sections, the secondary xylem, 
or wood, is formed in distinct concentric rings 
called annual, or growth, rings (Fig. 9). Each an- 
nual ring is composed of an inner portion called the 
spring, or early, wood, in which the vessels and 



Fig. 8. SecondofV tissue in the stem bf sunflower 
(Hefianthus annuus). (a) Transverse section of the en- 
tire stem showing the thicker-walled, dark, secondary 
xylem cells as they are added to the primary, more in 
the fascicular than in the interfascicular areas, (b) En- 
larged view of a portion of a. (From J. B. Hill, L 0. 
Overholts, and H. W. Popp, Botany, A Textbook tor 
Colleges, 2d ed., McGraw-Hill, 1950) 

tracheids are relatively large, and an outer portion 
called the summer, or late, wood, in which the cells 
have much smaller diameters and thicker walls than 
those of the early wood. Usually only the outer- 
most growth rings function in conduction of water. 
The outer, light-colored, relatively soft, function- 
ing part of the wood is called sap wood. The non- 
conduf!ting older (early formed) wood, called heart- 
wood, is often filled with gums, resins, tannins, and 
mineral salts, and is dark in color. Growth rings in 
oblique or horizontal branches become asymmetri- 
cal, the rings being wider in the upper half (in most 
angiosperms) or in the lower half (in conifers). 
The wood with the wider rings has a different 
histologic and chemical structure from that with the 




Fig. 9. A diagram of a segment of an oak log show- 
ing in three dimensions the grain, that is, the pattern 
formed by the annual rings and the wood rays. At 
the right, the block has been cut radially, and above, 
transversely. At the left (the surface of the log), a 
portion of the phloem and bark has been removed, 
showing a tangential view of the wood underneath. 
(From E. W. Sinnott and K. S. Wilson, Botany: Princi- 
ples and Problems, 5fh ed., McGraw-Hill, 1955) 

narrower and is called tension wood in the angio- 
‘iperms and compression wood in the conifers. 

rhe wood varies in structure chiefly depending 
on ( 1 ) the relative amounts of vessels, tracheids, 
and wood fibers, (2) the distribution of wood 
parenchyma, and (3) the presence and character 
of vascular rays. 

Two patterns of vessel arrangement are recog- 
nized. If the early wood contains wide vessels and 
the late wood narrow ves.sels, so that each growth 
rinf 5 begins with a zone of large vessels, the wood is 
railed ring-porous (Fig. 10). If vessels of more or 
less uniform widths are formed throughout the year, 
the wood is called diffuse- porous. 

Wood texture, coarse or fine, refers to the size 
and number of the xylem cells, especially vessels. 



^|9- 10. Transverse sections, much magnified, of two 
kinds of dicotyledonous wood, (o) White oak, a ring- 
porous wood with very large spring vessels, and nar- 
row (uniseriate) and wide (multiseriate) rays, (b) Yel- 
birch, a diffuse-porous wood with narrow (mostiy 
wniseriate) rays. (t/.S. Forest Products Laboratory) 
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The term grain refers to the arrangement of the 
cells, especially fibers, making up the wood. A 
wood hard or soft depending upon the number 
of lignified fibers. 

Among the many wood products, plywood and 
veneer are particularly important. In making ply- 
wood, the wood is softened and the log rotated 
against a heavy blade to produce a continuous sheet 
of very thin wood which is cut to suitable lengths, 
pieces alternately stacked with grain at right angles 
are bonded together in varying odd numbers 
of layers, pressed, and dried. Plywood, or other 
wood bases, may be covered by thin sheets of fine- 
grained wood or veneer. Characteristic and inter- 
e.sting grain patterns for fine woods or veneers are 
obtained by cutting wood in transverse, radial, and 
tangential section (Fig. 11). Veneer wood with the 



Fig. 11. Appearance of silver maple (Acer sacchari- 
num) wood in different sections. The dark and light 
colors and the grain irregularities result from cutting 
through the fibers and vessels of the annual rings in 
different planes. In addition, the rays, particularly in 
radial section, give the wood a pleasing and interest- 
ing appearance, (a) Transverse section, (b) Radial sec- 
tion. (c) Tangential section. (From J. 6. Hill, L. O. Over- 
holts, and H. W. Popp, Botany, A Textbook for Col- 
leges, 2d ed., McGraw-Hill, 1950) 

most interesting pattern or grain comes from the 
base of a tree, from burls, or from crotch wood 
where the vascular arrangements may be wavy or. 
spiral. Some of the choice curly grains such as 
curly maple result from the development of ad- 
ventitious buds. Injury to the cambium may pro- 
duce a similar pattern. 

Gymnpspgrms. Most gymnosperms are similar to 
the woody dicotyledons in that a vascular cambium 
{prms a continuous cylinder of secondary xylem and 
phloem. Commercial gymnosperm wood is usually 
derived from conifers. Conifer wood is composed of 
tracheids, fiber- tracheids, and uniseriate wood rays, 
but no ve.ssels (Fig. 12). Because of the absence of 
vessels the conifer wood is more homogeneous in 
sections than the angiosperm wood (Fig. 13). 

As stems grow and form new branches, those near 
the ba^e are likely to be crowded, shaded, and die. 
particularly in pine. The dead branches fall off and 
their bases are covered by successive layers of wood 
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Fig. 12. A stereogram of a small block of white-pine 
wood as seen in three dimensions. It illustrates the re- 
lationships of the vertical tracheids and the ray ele- 
ments. (From J B. Hill, L O. Overholfs, and H W. 
Popp, Botany, A Textbook for Colleges, 2d ed , Mc- 
Graw-Hill, 1950) 

forming knots. Knots weaken the wood and are not 
desirable unless for ornamental paneling. 

The secondary growth of other gymnospeims is 
similar to that of the conifers. The cyiads are in- 


terenting because growth rings are added m inter, 
vals of 2-20 years and are difficult to distinguish^ 
except in Dioon. Many of the cycads form oBily one 
ring of wood; but others, such as Cycas^ Dioon^ 
Macrozamia^ and Encephalartos, produce several 
rings. 

Monocotyledons. Some monocotyledons, as the 
bamboos and palms, may form rather woody trunks 
by primary thickening. The thickening growth may 
occur rather generally throughout the stem or there 
may be a primary thickening meristem, a cam 
biumlike zone of cells originating from the ground 
tissue beneath young leaf bases. It increases the 
width of the stem directly beneath the apex. Addi- 
tional division of cells throughout the stem and 
the enlargement of cells complete the growth in 
thickness. In certain monocotyledons, such ai 
Aloe, Yucca, Agave, Dracaena, secondary growth 
also occurs. However, the cambium does not origi 
nate in the bundles, which are scattered in the 
ground tissue. It appears in the ground parenchyma 
outside the vascular bundles And by tangential di 
visions forms parenchyma on the outside and both 
vascular strands and parenchyma on the inside. The 
basic structure of the primary and secondary bodies 
ib the same — in both, discrete vascular strands are 
embedded in ground tissue, usually sclerified 
(hardened) parenchyma. 

Effect of secondary growth. The secondarv 
xylem covers the primary xylem and pith, usuall\ 
without (hanging them; whereas the primur\ 
phloem and cortex are pushed outward and are 



Fig. 13. Enlarged photomicrographs of pine wood, 
(a) Transverse section. The wood cells are here cut 
across at right angles to their length. Note the thin- 
walled cells (tracheids) in the springwood and the 
thick-walled ones in the summerwood (fiber-tracheids). 
The uniseriate wood rays run at right anglei to the 
annuol rings. The large openings are resin canals. 


(b) Radial section, (c) Tangential section. In the lost 
two sections the tracheids are cut lengthwise. In the 
radial section the rays run horizontally, across the 
tracheids. In the tangential section, the rays appear os 
lens-shaped clusters of cells. (U.S. Forest Producti Lab^ 
oratory) 



more or less compressed by the centrifugal growth 
of the secondary vascular tissues. The epidermis 
and cortex may keep pace with secondary vascular 
growth, or they may be ruptured and replaced by a 
periderm. Cambium develops in the parenchyma of 
the leaf gap and its derivatives close the leaf gaps 
and break and bury the leaf traces. 

STEM TYPES 

The stems of vascular plants, or Tracheophyta, 
<,how an endless variety of form and structure. In 
this article only a few are considered as type ex- 
amples. See Tracheophyta. 

Gymnosperm stems. This group of Tracheo- 
phyta contains some of the largest plants in the 
world (especially in Coniferales) as well as Wei- 
uitsrhia, in which there is no aerial stem at all. No 
annual or perennial herbs are recognized in this 
group. See Cymnospermae. 

Conijerales, The gymnosperms of this order are 
much-hranched, small-leaved, woody tree forms, ex- 
rept some shrubby junipers. The stem has typically 
an ccfophloic siphonostele. Most conifers produce a 
conspicuous amount of secondary tissues which 
lorni a solid continuous cylinder (Fig. 14). Resin 
duels occur in the cortex and the vascular tissues, 
(iKrepl in the yews (sec Secretory structures, 
plant). The wood is dense and massive, com- 
pcisrd of tracheids, fiber-trarheids, and uniseriate 
wood rays. See Vl^ooi) (anatomy and idf.ntifica- 
MON I. 

Cwadales, The stem types range from tuberous 
and partly or wholly subterranean to relatively 
tall, aerial stems. The stem is usually unbranehed 
and bears a crown of large leaves. The cortex and 
pith are large, loose, and parenchymatous. The vas- 



^*9- 14. Cross section of the stem of pine, 4 years 
old, showing annual xylem rings (1-4), risin ducts, and 
other tissues. (From J. 6 . HiH, 1. O. Overho/#i, and 
W. Popp, Botany, A Textbook for Colleges, 2d ed., 
^cOrow-Hill, 1950) 


cular cylinder is ngrrow, has hrokd medullaiy 
and a loose-textured wood. The stele is a siphodo- 
stele. The primary xylem usually contains ecalari- 
form tracheids, the secondary xylem tracheids with 
bordered pits. Leaf traces girdle the stem, that is, 
they have a nearly horizontal course in the cortex. 
The stem is rigid mainly because of persistent leaf 
bases. 

Ginkgoales, The only living representative, 
Gingko bUoba^ is a large profusely branched tree 
with both long shoots (normal vegetative) and 
short shoots ( restricted vegetative or reproductive ) , 
Secondary growth is vigorous, and the pith and 
cortex are relatively small. 

Gnetales, The three genera included in this order 
are highly specialized. Ephedra is usually a much 
branched shrub, Gnetum species are mosdy lianas, 
and in W elwitschia most of the stem is buried in 
the ground. A feature which distinguishes these 
plants from other gymnosperms is the presence of 
vessels among the xylem elements. 

Angiosperms. The angiosperms (flowering 
plants) include two main groups — the dicotyledons 
(plants with two seed leaves) and the monocotyle- 
dons (plants with one seed leaf). The stems of these 
two groups of plants show some differences. It is 
customary also to divide the stems of angiosperms 
into woody and herbaceous types. Although the vari- 
ous stem types intergrade in their characters, some 
approximate generalizations regarding their differ- 
ences may be made (see list) . 


COMPARISON OF STEMS 


Dicotyledons 

1. Stems woody, herba- 
ceous, vines 

2. Secondary growth 
common; phloem, vas- 
cular cambium, and 
xylem in concentric 
layers; separate vascu- 
lar bundles common 
in the primary body, 
uncommon in sec- 
ondary 


3. Distinct pith and cor- 
tex 

4. Elndodermis and peri- 

« cycle usually absent; 

sometimes pericyclic 
fibers on outer limit of 
vascular cylinder; usu- 
ally phloem fibers 

5. Number of leaf traces 
to each leaf is variable, 
i^artfly large 

6. Periderm frequently 
present 


Monocotyledons 

1. Stems herbaceous, few 
woody 

2. Some woody types 
with secondary 
growth; vascular cam- 
bium not between xy- 
lem and phloem; in the 
primary body vascular 
bundles often scat- 
tered through ground 
tissue, sometimes in 
two circles; in the 
secondary body also 
separate vascular 
bundles 

3. No definable cortex 
and pith 

4. Endodermis and peri- 
cycle usually absent; 
vascular bundles with 
sheaths of scleren- 
chyma 

5. Number of leaf traces 
to each leaf is large; 
sheathing leaf bases 
enclose the stem 

6. Periderm not common 



Fig 15 Woody dicotyledon One-year-old woody 
stem of Linodendron, showing the characteristics of an 
ectophloic siphonostele. The epidermis has not yet 
been replaced by periderm 

Woody dicotyledons The primary vascular cyl- 
inder in the woody dicotyledons is an ectophloic 
siphonostele, and the pith and cortex are well de 
hned Linodendron illustrates this type of struc- 
ture (Fig 1*>) The stem, from the inside out, con 
sists of (1) a central pith of large, loose, paren- 
chyma cells; (2) a vascular system containing 
closely arranged vascular bundles, with the leaf 
traces often recognizable as rather large bundles 
protruding into the cortex; (3) a cortex; and (4) 
an epidermis. When secondary growth occurs a 
continuous vascular cambium and continuous lay- 
ers of secondary xylem and phloem are formed 


The epidermis is eventually replaced by a periderm. 
There is no endodermis and no pericycle. Priinar) 
phloem fibers form the outer limit of the vaseulaf 
region (see E ndodermis), 

W oody vines or lianas. Vines are generally -char- 
acterized by a primary and secondary vascular sys. 
tern dissected into strands by broad rays (Fig, 
16a). Also, they often have a ringbark which re- 
sults from a concentric arrangement of the succes- 
sively formed periderms. Lenticels may be absent 
in ringbark. 

Tropical lianas (climbing woody vines) often 
have a more or less unusual structure. There may 
be, for example, a highly irregular development of 
secondary xylem and phloem, so that the outline of 
the xylem is uneven (Fig. 166). A still more strik- 
ing structure result** when the leaf traces develop 
complete cylinders of cambium, xylem, and phloem 
at levels where they have diverged from the central 
cylinder. The stem appears as though composed of 
several central cylinders (Fig. 16r) 

Herbaceous dicotyledons. Ilhese forms differ 
from the arborescent, or woody, dicoty1ednn<* 
chiefly in having a smaller amount of cambial 
activity or none They are often similar to l-year 
old woody stems The primary vascular cylinder 
foims an ectophloic siphonostele with the vascular 
strands often more widely separated by interfascic 
ular regions than those in the arborescent species 
(Fig 17) Vascular cambium may be absent, as in 
Ranunculus ^ may be present, but form only paren 
chyma and sclerenchyma in the interfascicular re 
gions, as in Medicago, or it may form a <on 
tinuous vascular cylinder as in Vinca or Digitalis^ 

Herbaceous monocotyledons In these plants the 
vascular system is composed of widely spaced 
strands arranged in one of four ways First, as in 
most grasses, the yiscular bundles are arranged in 
two circles, withMhe outer smaller bfindles em 
bedded in a continuous sheath of sclerenchyma 
close to the epidermis (Fig. 18) The vascular 
bundles arc* collateral, each enclosed in a sheath 
of sclerench>ma The pith may break down in the 
internodes but not in the nodes. Transverse bundles 



Fig. 16. Transverse sections of woody vines, (a) C/em- Mature stem showing irregular development of second- 
afis. (b) S. mexicana Mature stem showing five well- ary xylem and phloem 
developed cortical '*steles.** (c) Seriania subdontata 


■ the nodal region interconnect the leaf traces. 
' Second, in a few monocotyledons, for example 
Ciintonia, a single, concentrically arranged series 
of bundles may occur. Each bundle has its own com- 

plete endodcrmis. 

Third, in a few monocotyledons the bundles are 
rouped in the center of the stem, as in the rhizome 
of A corns calamus. The bundles are amphivasal, 
the phloem being surrounded by xylem. 

Fourth and most commonly, vascular bundles are 
numerous and scattered in a ground tissue, as in 
corn or bamboo, with no pith or cortical regions 
being evident. The complex arrangement of the 
vascular bundles is related to the large number 
and variation in size of leaf traces. There may or 
may not be a sclerenchyma cylinder about each 
bundle, but subepidermal parenchyma is strongly 
scleriiied. Endodermis and pericycle are absent. 

Woody monocotyledons. Some monocotyledons, 
as the bamboos and palms, may form rather woody 
trunks by thickening of cell walls with age until 
nearly the whole ground tissue is heavily sclerified. 
Despite their large size these trunks are composed 
of primary tissues only. There are, however, woody 
monocotyledons with secondary growth, but the 
secondary tissues resemble the primary tissues in 
that they are composed of vaschlar bundles em- 
bedded in ground tis,sue, usually sclerified paren- 
chyma. 

Specialized erect stems. Two kinds of erect 
stems have special names. Culm is a name applied 
to hollow, but solid- jointed, stems of grasses, 
woody and herbaceous. Caudex means the axis of a 
plant, consisting of root and stem. The term is 
sometimes applied to short, enduring stems or 
stocks which throw up new stalks each year from 

Fig. 17. The primary tissues of the stem of o typical 
herbaceous dicotyledonous plant, sunflower, Helian- 
thus annuus. Shows the characteristics of on ectophloic 
siphonosteie. (a) Transverse section of entire stem 
showing arrangement of vascular tissues in one circle. 
(b) Enlarged portion of a showing details of structure, 
including one vascular buncle. (From J, B. Hill, L O. 
Overholts, and H. W. Popp, Botany, A Textbook for 
Colleges, 2d ed., McGraw-Hill, 1950) 




^'9- 18, Photomicrographs of tronsverso sections of tonia. (e) Com. (d) Bamboo, (From J. B. Hill, L O. 
'vionocotyledonous stems showing various prronga- Overholts, and H. W. Popp, Botany, A Textbook for 
^®nts of vascular bundles, (o) Wheat (grass). (W C/in- Colleges, 2d ed., McGraw-Hill, 1950) 
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pemsteriit buds at ground level. Also, the name is 
used to describe the trunks of palms and tree ferns 
ivbich consist of persistent leaf bases forming a 
column. 

Poroi^ai stems. Perennials which have woody 
stems are generally called trees or shrubs. Shrubs 
are woody perennials with several main stems 
branched from or near the ground and generally 
not more than 20-25 ft high. Trees are woody 
perennials with a single main trunk or axis which 
rises some distance above the ground before 
branching. Trees generally exceed shrubs in height. 
The two words are convenient but not exact terms 
because trees and shrubs intergrade in height and 
form. Herbaceous plants also may be perennial. 
Their stems commonly die down to the ground each 
year. 

Modified aerial stems. Stems may be variously 
modified for photosynthesis, storage, propagation, 
support, and protection. 

Cladode. This term is applied to a branch with a 
single internode which is flattened and serves as a 
leaf, as in asparagus. 

Phylloclade. A flattened leaflike shoot that re- 
places a leaf as a photosynthetic organ, as in the 
Opuntia cactus is called a phylloclade. 

Thorn, This hard, pointed projection may be a 
modified branch, or leaf, or stipule. Thorns may be 
unbranched, as in the osage orange, or branched, as 
in the honey locust. A lateral branch may form 
leaves and flowers, then terminate growth by pro- 
ducing a thorn at the apex. 

Creeping or prostrate stems. Stems that trail 
along the surface of the ground and may take root 
at the nodes are called creeping or prostrate. 

Runner. A runner, as in the strawberry, is a hori- 
zontally growing, sympodial stem system; that is. it 
appears single but actually is composed of a series 
of lateral branches arranged in lineal order. In this 
system the stem forms adventitious roots near the 
tip, then gives rise to a rosette of leaves from a 
bud. A new runner emerges from the axil of a re- 
duced leaf at the base of this rosette. 

Stolon. The term stolon is used for creeping 
stems, shorter than runners. They also root adven- 
titiously. as in raspberry or currant. The term has 
no precise meaning. 

Climbing stems or vines. These are long, slen- 
der stems which usually climb by special devices. 

Rambler. The ramblers rest on the tops of other 
plants and some, as certain roses, have spines or 
prickles which help them to adhere to their sup- 
port. 

Root climbers. English ivy and poison ivy have 
stems which climb by means of adventitious roots. 

Tendril climbers. These plants climb by means of 
modified leaf tendrils, as in the garden pea, or by 
stem tendrils, as in the grape. 

Twiners. In the twiners, the whole stem winds 
about its support, as pole beans or many tropical 
lianas. 

Underground stems. A number of stems grow 
underground and are often mistaken for roots. The 


principal kinds of underground stems are rjkizoines 
or rootstocks, tubers, corms, bulbs, and ridzomor. 
phic droppers. 

Rhizomes are usually quite varied, plagiotropic 
(growing horizontally), perennial, undetground 
stems found in a vast number of plantsi Their 
cauline (stem) nature is evident by well-defined 
nodes and internodes. Roots, scale leaves, and axil- 
lary buds form at the nodes. Some buds form leafy, 
upright shoots while others form new, sympodially 
branched underground shoots. Among different spe. 
cies, rhizomes may be (1) thin, tough, and rapidly 
growing; (2) fleshy though rapidly growing; and 
(3) short and fleshy, serving more for storage than 
for spreading. The anatomy of rhizomes, except for 
some dorsiventrality, is much like that of the aerial 
stem of the same species. The other types of under- 
ground stems, such as tubers, corms, and bulbs, are 
essentially modified rhizomes. [j.E.cu.] 

Bibliography: See Plant anatomy. 

Stem cuttings \ 

Young shoots or sections of older stems used in the 
practice of asexually reproducing desirable plants 
by inducing .such shoots or stem pieces to develop 
roots. Herbaceous stem c.uttings usually root read- 
ily in water, moist sand, peat, or vermiculite. but 
many woody plants require special treatment. In 
woody evergreens, rooting is more successful in 
winter than in summer, when stem pieces are taken 
from young rather than from old plants, and when 
the cuttings are treated with auxin, usually indole- 
butyric or indoleacetic acid (100-200 milligram^ 
per liter for 24 hours), or a commercial rootinj; 
hormone (see Plant growth; Plant hormones). 
In deciduous woody plants, the most important fat- 
lor is age (young shoot with few buds and .some 
leaf area), whetl^r or not auxin is used. For mo.sl 
plants requiring auxin for rooting, a'queous solu- 
tions (25-40 milligrams per liter) applied to the 
base are most effective. For plants that are difficult 
to root, information may be obtained from tables uf 
different auxins .showing the concentrations recom- 
mended for individual plant species. See Repro- 
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Cuttings of holly, (o) Controls treated at bose with 
talcum powder only and showing no roots, (fa) Cuttings 
treated with powder containing indolebutyric acid and 
naphthaleneacetic acid and rooting vigorously. 

Boyce Thompson Institute for Plant Research In £• 
Sinnott and K. S, Wilson, Botany, Principles and Pfoh- 
lems, 5th ed., McGraw-Hill, 1955) 


duction, ptANT; Root (botany); Stem (bot- 

any). [J.E.CU.] 

Bibliography'. K. V. Thimann and J. B. Rogers. 
The Vse of Auxins in the Rooting of Woody Cut- 
tings. Harvard Univ. Maria Moors Cabot Founda- 
tion (or Botanical Research, Publ. no. 1, 1947. 

Stenolaemata 

An order of ectoproct Bryozoa proposed by F. Borg 
in 1926 to include orders Cyclostomata and Trepto- 
stoniata. The term Stenolaemata is objectionable 
to bryozoologists both on etymological grounds and 
because it includes the Treptostomata. E. Marcus, 
in 1938 , suggested Stenostomata as a more suitable 
name. See Bryozoa. | m.d.ro.] 

Stenurida 

\ii extinct order of Ophiiiroidea, embracing Paleo- 
zoic forms in which the ambulacra! groove re- 
mained open and the ambulacra! plates remained 
as discrete elements that were not fused together 
in pairs to form vertebrae. These characters indi- 
cate that the Stenurida were intermediate between 
asteroids and existing ophiuroids. See Oecophiu- 
rida: Ophiiiroidea. [h.b.f.] 

Steppe 

A regional name, of the great semiarid grassland 
plains of Eurasia, that has become a descriptive 
designation of short-grass vegetation associated 
with semiarid climate all over the world. The veg- 
etation b typically composed of a relatively contin- 
uous cover of short gras.s, 1 ft or less in height, 
orcurring in semiarid parts of the mid-latitudes. 
The rainfall fluctuates enormously from year to 
\ear but is sufficient in most years to produce a 
shallow zone of soil moisture during the warm sea- 
On their wetter margins, steppes merge into 
iht^ inixe*d-grass prairies. Short-gra.ss tropical sa- 
vannas characterized by the presence of small trees 
on the uplands are sometimes called tropical 
•steppes. 

Steppe grass supports much of the natural graz- 
ing of the world both fixed and nomadic, and do- 



'9- 1. Herd of bison in Niobrara Wildlife Refuge, 
Nebroslco, Short steppe gross of the foreground is typ- 
•col of the Great Mains of Interior United States. '(U.S. 
and Wiidllh Service, DaparimBnf of the Inferior) 
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Fig. 2. Short-grass tropical savanna with scattered trees 
in Africa. The notive animals are the gazelle, eland, and 
hartebeest. (American Museum of Natural History) 

mestic animals have largely replaced the native 
grazing fauna, notably the North American bison. 
It is believed that most domestic grazing animals, 
especially cattle and horses, came originally from 
the Eurasian steppe gras.slands. See Prairie; Veg- 
etation ZONES (world). fc.M.D.] 

Stereochemistry 

The study of the spatial arrangement of atoms in 
molecules and the chemical and physical conse- 
quences of such arrangement. Two important types * 
of organic molecules are included in the general 
class of stereoisomers: geometrical and optical iso- 
mers. See Isomerism, molecular; Optical activ- 
ity. Such isomers differ from each other, not by 
having different structural groupings of the same 
elements, but by having different arrangements of 
their constituent atoms in space, while having the 
same structural features; that is, in each isomer 
every atom is bonded to the same immediate neigh- 
bors. 

Once the principles embodied in the concept of 
molecular dissymmetry (L. Pasteur, 1860; J. H. 
van’t Hoff and J. A. le Bel, 1874-1875; J. WisH- 
cenus, 1877) were understood, a number of experi- 
mental problems immediately posed themselves 
and have continued to occupy prominent positions 
in the field of organic chemistry: the interrelation 
of optically active centers in the same and in dif- 
ferent molecules (relative and absolute configura- 
tions), the interconversion of enantiomorphs (sec 
Racemizatton), the conversion of one configura- 
tion into its opposite during replacement of a sub- 
stituent f'Kt^alden inversion), the separation of en- 
antiomorphs from each other, the production of op- 
jjcally active substances from optically inactive 
sources (see Asymmetric synthesis), and the syn- 
thesis of a specific stereoisomer from compara- 
tively simple starting materials without recourse to 
multiple isomer separations and more than one res- 
olution. 

AbMjute and ralative configurations. The im- 
portance of optically active substances of phys- 
iological significance (carbohydrates and amino 
acids) demands specific knowledge of configura- 
tional (spatial) relationships among them, Histor- 


ically the dextro form, or (+), of glyceraldehyde 
was selected by Emil Fischer as a configurational 
standard and arbitrarily was assigned the right* 
handed, or d, configuration (I). The levo form, or 
thus Is left-handed and designated l (II). 



D( + )-Glyceraldehyde 



H (II) 


L ( — )-Glyceraldehyde 


The central carbon is asymmetric and is repre- 
sented by the formalized tetrahedron, the corners 
of which represent the bonding positions of sub- 
stituents. 

It is convenient to replace such representations 
by projection formulas by compressing the tetra- 
hedra into the plane of the paper. Such flattening 
at once imposes (certain restrictions on the han- 
dling of a projection formula to avoid confusion 
and retain explicitness: it must never be “removed” 
from the plane of the paper; it must never be “ro- 
tated” in this plane through any hut integral multi- 
ples of 180®; and the “exchange” of any opposite 
pair of substituents is equivalent to transforming 
it into its mirror image. The projection formulas 
(III) and (IV) represent the enantiomorphic glvc- 
eraldehydes. 


CHO 


CHO 


I 

H-C—OH 

I 

CHjOH 
D (4-) -Glycer- 
aldehyde 


(III) 


I 

HO— C— H (IV) 

I 

CHsOH 
l(— )-G lyccr- 
aldehyde 


Because of confusion arising from different sys- 
tems of configurational assignments to polycen- 
tered asymmetric compounds (for example, a- 
amino acids are classified by the configuration of 
the lowest-numbered asymmetric carbon, whereas 
carbohydrates are classified according to the con- 
figuration of the highest-numbered asymmetric 
carbon, and hydroxy acids such as tartaric are 
equivocal), current usage requires that each asym- 
metric carbon be designated d or l in a projection 
formula with carbon- 1 uppermost, using the Inter- 
national Union of Chemistry system of numbering. 
Thus ( + ) -tartaric acid (V) is 2-D.3-L-dihydroxy- 
butanedioc acid. 


COsH 

H-C— OH 

1 

HO--C— H 

COjH 

(-f) -Tartaric acid 


(V) 


Originally the configurations representt^ hy 
(III), (IV), and (V) were mutually consistebit, al- 
though arbitrary. Recently J. M. Bijvoet has deter- 
mined the actual or absolute configurations by crys- 
tallographic study of (+) -tartrate salts, finding 
them to agree with the arbitrary assignment.: Thus 
the absolute configuration of any substance un- 
equivocally relatable to the tartaric acids is prac- 
tically determinable. 

A long-standing suggestion that anomalous rota- 
tory dispersion might be useful in determining con- 
figurations has recently been realized by Carl 
Djerassi, who has employed it effectively for con- 
figurational determinations in such complex sys- 
tems as steroids and terpenes. In consequence, 
other methods for configurational determination 
through optical properties become chiefly of histor- 
ical or theoretical interest only. 

The term relative configuration has been used 
somewhat loosely to indicate configuration relative 
to glyceraldehyde, relative to spme other substance, 
or relative to another asymiifetric center in the 
same molecule. Since absolute configurational de- 
termination is now possible, relative configuration 
is best confined to intramolecular configurational 
relationships and those in other diastereoisomeric 
forms of the same substance. Relative configura- 
tions may be determined without reference to glyc- 
eraldehyde or even to optical properties. For ex- 
ample the meso and (=b) configurations of stilbene 
dibromide are determinable from a knowledge of 
reaction mechanisms. See Confoumational anal- 
ysis. 

On the other hand, in order to know whether^ 
configurational inversion has occurred in the course 
of a reaction, explicit information concerning the 
configurations of starting material and product is 
required. For exynple. a difference in reaction con- 
ditions for the conversion of optically active 1- 
phenylethanol to 1-phenylethyl chloride, results in 
the formation of either enantiomorph from the 
same source. When the configurations are known, 
information as to the stereochemistry of the re- 
placement of hydroxyl by chlorine becomes avail- 
able and may be applied to other similar substitu- 
tions, regardle.ss of optical consequences and with- 
out reference to absolute configurations. 

Resolution. The isolation of either or both enan- 
tiomorphs from a racemic mixture is termed reso- 
lution. It can be achieved only with the assistance 
of an asymmetric reagent, since each enantiomorph 
will behave identically in a symmetrical environ- 
ment. chemical or physical. 

The more general procedure involves the readily 
reversible conversion of both enantiomorphs into a 
pair of diastereoisomers with as widely different 
physical properties as practicable by reaction with 
a single pure optical isomer. Thus, a (d;) amine 
reacts with a (+) acid to give two diastereomcric 
salts : 

(+) amine* ( + ) acid 



(—) amine* ( + ) acid 

Since these are not enantiomorphic, they will 
have different properties and may be separated by 
fractional recrystallization. The salts can then be 
converted to resolved amines by destroying the salt 
with a strong base. Many modifications of this tech- 
nique are possible. 

l.ess frequently, resolution is effected kineti- 
callv. by taking advantage of differences in reac- 
tion rates of enantiomorphs with an asymmetric 
reagent. Enzymatic resolutions, in which an enzyme 
preferentially destroys one enantiomorph, and 
chromatography on asymmetric adsorbents, which 
binds one enantiomorph more strongly, constitute 
examples of this type of resolution. 

The determination of the total number of theo- 
relirally possible optical isomers is principally of 
academic interest. In the general case of a sub- 
stance with n different asymmetric centers, this 
niimlier is 2"; the presence of identical centers, 
or ot structural features which disallow certain con- 
figurations, will decrease this number. 

Stereospecific synthesis. The multiplicity of 
possible stereoisomers for a natural product such 
u'' a steroid, terpene, or alkaloid has focused con- 
siderable attention on reactions which produce but 
one of two or more stereoisomers. To this end. the 
stereospecificity of many simple and complex reac- 
tion^ is (»f paramount interest. The study of sterir 
effects caused by the bulk, polarity and consequent 
interaction with neighboring groups, conforma- 
tional requirements, and intimate details of rear- 
lion mechanisms has enabled the total synthe.sis of 
'-lerctx’hemically complex substances without the 
necessity of isomer separations and with but one 
reMilution at or near the end of a long reaction se- 
ries. 

Notable among the simpler examples of stereo- 
specific reactions are the following: kinetically 
apparent second-order displacements involving 
\^'alden inversion; displacements in which configu- 
ration is retained because of mechanistic geometry 
or participation of groups favorably located with 
respect to the reaction center; cis and trans addi- 
tions to r-bonded systems and cis and trans elimi- 
nations which produce tt bonds; the Diels- Alder 
diene reaction. In addition, certain molecular re- 
arrangements are slereospecific : thus the Wagner- 
Meerwein rearrangement often effects complete 
inversion at the reaction center, and the Curtins, 
Hofmann, Schmidt, and Wolff rearrangements oc- 
with virtually complete retention of the con- 
figuration of the migrating group. See Coordina- 
tion CHEMISTRY. [w.R.V.] 

I^ibliography: H. Gilman et al. (eds.). Organic 
(^hemistry, 2d ed., vol. 1, 1943; M. S. Newman, 
Steric Effects in Organic Chemistry^ 1956. 

Stereognosis 

The recognition or identification of objects exclu- 
sively through handling them. Basically, this abil- 
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ity depends on the accuracy with which the cuta- 
neous and kinesthetic senses can combine thear 
discrimiiiaUve capacities. See Kinesthetic sensa- 
tion ; Touch. 

A necessary condition for the skin to appreciate 
form of objects or texture of surfaces is that there 
be relative motion involved; an object laid stati- 
cally on the skin cannot be judged as to shape. If, 
however, the finger tips move successively over two 
glass surfaces, one smooth, the other etched to pro- 
vide slight eminences no greater than a thousandth 
of a millimeter high, the textural difference can be 
detected. Cloth feelers, who work in weaving mills, 
become so familiar with such cues as to make 
highly accurate discriminations on the basis of a 
single, brief manipulation. 

To identify complexly formed solids it is obvi- 
ously necessary to integrate a series of impres- 
sions, the sensitive finger tips being passed over all 
salient features of the object, pressing and squeez- 
ing as well as hefting, which provides the kines- 
thetic component of the judgment. 



Best shapes for control knobs. These shapes have been 
found to be the most easily recognized by feel alone. 


The stereognostic capacity has been put to . 
work in the shape coding of airplane controls. Lev- 
ers may thus be recognized without the aid of sight. 
Experiments have also been performed on letters 
and figures, the finger tip being the skin area un- 
der test. |f six symbols were to be selected, for ex- 
ample, for tactual coding of a keyboard, they 
Vfoiild be C, I, 0, 7, L, V. These are speedily and 
'correctly identified by touch alone. [f.a.g.] 

Bibliography: M. A. Wenger, F. N. Jones, and 
M. H. Jones, Physiological Psychology^ 1956. 

stereophonic sound 

Sound which is reproduced or transmitted in such a 
manner that the spatial relations of the original 
sound Sources are substantially retained; dint is, 
the listener hears the sound in auditory perspective. 
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Stereophonic sound^reproduction systems, intro- 
duced on a wide scale in the 1950s for motion 
pictures, disk phonographs, and magnetic tape re- 
corders, are based on the fact that a person with 
normal hearing can determine the direction from 
which a sound is coming by distinguishing differ- 
ences in arrival times of sound waves at his two 
ears. This ability is known as binaural hearing; 
for details, see Hearing. 

Two or more separate sound-recording and re- 
producing channels are necessary to provide repro- 
duction of sound sources in auditory perspective. 
For a detailed discussion of the recording and 
reproducing techniques used to provide stereo- 
phonic sound, see Disk recording; Magnetic re- 
cording; Optical recording; Sound reproduc- 
tion SYSTEMS, ELECTRICAL. See also Binaural 
sound; High fidelity. [k.w.p.] 

Stereosconr 

The phenomenon of simultaneous vision with the 
two eyes wherein there arises a visual experience 
of the third dimension, that is, a vivid perception 
of the relative distances of objects in space. In this 
experience the observer seems to see the space be- 
tween the objects located at different distances 
from the eyes. The stereoscopic effect is so unique 
that it cannot be easily described to one who does 
not possess it. Stereopsis, or stereoscopic vision, 
provides the individual with the most acute sense of 
relative depth and is of vital importance in visual 
tasks requiring the precise location of objects. 

Stereopsis is believed to have an innate origin in 
the anatomic and physiologic structures of the 
retinas of the eyes and the visual cortex. It is pres- 
ent in normal binocular vision because the two eyes 
view objects in space from two points, so that the 
retinal image patterns of the same object points 
in space are slightly different in the two eves. The 
stereoscope, with which different pictures can be 
presented to each eye, demonstrates the funda- 
mental difference between stereoscopic perception 
of depth and the conception of depth and distance 
from the monocular view. In the illustration, each 
of the two eyes views a pair of vertical lines A and B 
drawn on cards. The separation of these lines for 
the right eye is greater than that for the left eye. 
If the difference in separation is not too great, the 
images of the lines fuse when the two targets are 
observed by the two eyes. There is almost an im- 
mediate stereoscopic spatial experience that the 
two lines are located in space, line B being defi- 
nitely more distant than line A. No hint of this 
spatial experience occurs in the observation of 
each target alone. It is this difference between the 
images in the two eyes that provides the stimulus 
for the emergence of the stereoscopic experience. 

Stereoscopic acuity and the presence of stere- 
opsis may be tested by several methods or instru- 
ments such as the ordinary hand stereoscope and 
similar devices, vectograph targets, the Howard- 
Dolman peg test, the Verhoeff stereopter, the He- 
ring falling bead test, pins with colored heads stuck 
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Stereoscopic vision. 


in a board to test for near vision, and afocal mend 
ional magnifying lenses placed before one eye 
while the subject views a special field (leaf-room 
or tilting table) . See Vectograph ; Vision. 

rK.N.ol 

Bibliography, A. Ames, Jr., Binocular vision av 
affected by relations between uniocular stimulus 
patterns in commonplace environments. Am. ] 
Psychol,^ 59:333, 1946; K. N. Ogle, Researches in 
Binocular Vision, 1950; K. N. Ogle, Present statu*' 
of our knowledge of steieoscopic vision, AM A 
Arch. Ophthalmol,, 60:755, 1958. 

Stereospondyli 

A group of Tnassic amphibians, the last survivor*- 
of the superorder Labyrinthodontia. defined by thf 
formation of the vertebral centra from the inter 
centrum alone. They were degenerate in many re 
gards; the skull ^nd body were flattened, skeletal 
ossification was much reduced, and the limbs were 
small. 

The stereospondyls were purely aquatic and 
apparently incapable of progression on land The 



Dorsal view of Triassic stereospondyl Buettnena, shov^ 
ing orbits near front of skull. (After Sawin) 

development of a double occipital condyle and of 
large paired palatal vacuities are among their 
notable cranial characters. There were several 
families, the Capitosauridae preserving a normal 
skull pattern, the Metopsauridae having the ey^ 
far forward in the skull, and the Brachyopidae 
exhibiting a very broad and short skull. See Laby- 
rinthodontia. [a.s»h*J 



Steric effect (chemical reaction) 

The influence of the spatial configuration of react- 
ing substances upon the rate, nature, and extent of 
n^artion. The sizes and shapes of atoms and mole- 
cdJes. the electrical charge distribution, and the 
geometry of bond angles influence the courses of 
chernieal reactions. 

The steric course of organochemical reactions is 
greativ def)endent on the mode of bond cleavage 
and formation, the environment of the reaction site, 
and the nature of the reaction conditions (reagents, 
reaction time, and temperature). The effect of 
H,teric factors is best understood in ionic reactions 
in «ioliitjon. The nucleophilic substitution reaction 
ai a saturated carbon atom can serve as an illustra- 
tic.n. 

Saturated nucleophilic substitution. While the 
reacting carbon atom is in an electron-deficient 
j.tate in the transition state (state of highest energy, 
Hdiicwhere betvireen starting material and product) 
in a nucleophilic substitution process, the reaction 
ran be varied from a two-step, unimoleciilar ioni- 
zation to a one-step, biniolecular transformation. 
The former mode of reaction, a solvolysis or ,S.vl 
process, converts a tetrahedral carbon into a sol- 
vated [danar carboniiim ion intermediate, and 
hrnct*. leads to racemizatiun (randomization of 
ronfiguralion ) ; for example. 
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Tiw ‘seeond reaction path proceeds by a simultane- 
ous rupture of the old bond and creation of a new 
one. fitlier by inversion of configuration, a Walden 
inversion or ^'\2 process, for example. 
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“r ill a few cases by a front-side displacement of 
part of the substituent already present, an S\i proc- 
ess. and hence, retention of configuration, for ex- 
ample. 


KOII HOSOCI- K* osoa® H* Cl® — ♦ KCl 

(ion pair) (ion pair) 


Ihese substitution reactions are highly solvent- 
dependent; for example, tert-butyl chloride under- 
Rues solvolysis close to 500,000 times faster in 
water, a solvent of high ionizing jiower, than in 
fithanol, a solvent of low dielectric properties. The 
nature of R, R', and R" is one of the factors de- 
^«rinining which of the above pathways a compound 
prefers for its substitution. The larger the size of 
^bese three groups, the greater is the tendency to 
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relieve steric strain by extrusion of X, bi!m 1 thus, 
the more the need for an 5jvl process. The smaller 
the size ^of’ the environment, the greater is the ac» 
cessibility of the reagent from the back side, and 
thus, the more tendency toward an 5^2 process. As 
a consequence, tertiary compounds undergo race- 
mization readily, whereas primary systems prefer 
inversion. 

Both the rate and the steric course of an ionic 
displacement may depend often on the ability of 
groups adjacent to the reaction site to accommo- 
date a positive charge. Substitution of a-halo ethers 
and ally! or benzyl halides occurs much faster than 
a similar reaction of unsubstituted halides because 
of the intermediacy of the following stabilized cat- 
ions or cationlike transition states : 
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In view of the charge distribution over more than 
one atom in these cases, sometimes the incoming ' 
reagent forms a bond at a site different from that 
of the leaving group. As a consequence, a 5v2' 
process 
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or a S\i' path 
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may result. Both processes yield retention of con- 
figuration; that is, the orientation of the new 
substituent on its carbon atom is identical with 
that originally held by the former functional 
group on a site two carbon atoms removed. 

. In the presence of participating neighboring 
groups, even solvolyses can lead to retention of 
configuration. Certain rigidly held homoallyl sys- 
tems undergo substitution at a site three carbons 
removed from the position of the leaving group, 
but with retention of configuration. 





/\ 1 




1 so St»ric •fftcf (diamicai rtoction) 

Double invereioQ is responsible for the retained 
configuration of the products of solvolysis of cr-halo 
acid salts » 



Solvolysis of trans- P-acetoxy systems in nonaqueous 
media leads to trans products. In the presence of 
water, cis compounds are obtained: 
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The Wagner-Meerwein rearrangement of saturated 
neighboring, groups shows directional effects simi- 
lar to those of the above migrations; for example, 
the conversion of camphene hydrochloride to bornyl 
chloride is stereospecific, with retention of configu- 
ration. 


Base treatment of /ra/i^-halohydrins leads to trans- 
vicinal glycols. The intermediate epoxide is isola- 
ble. Although ring opening of the latter may yield 
two different trans products, the diaxial one is 
formed preferentially in cycloalkane cases. 
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Rearrangement. Migration of neighboring 
groups toward the reaction site, resulting in skel- 
etal rearrangements, is a common occurrence. Both 
the internal displacement of the leaving group by 
the migrating group and the subsequent external 
displacement of the migrating group by the solvent 
or added reagent proceed in a trans sense, that is. 
by back-side approach. Thus, the over-all steric 
consequence of one migration sequence is reten- 
tion of configuration. 

There are several examples of 1,2-hydride migra- 
tion, for example. 
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Transannular hydride shifts are quite similar in 
nature 



HCOtH ^ 
OII^ ^ 


a OH HOy/ SyOH 



Neopentyl halides solvolyze to tertiary amyl deriva- 
tives. 


(CH,),CCH,X 


l(CH,),CCH, 


(CH,).CCHjCHJ (CH,)sCCH,CH, 

OR 


Cyclohexane systems with equatorial leaving 
groups may undergo contraction to five-membered 
rings. 



Organic compounds possessing potential leaving 

The 1.2 migration of phenyl groups proceeds by groups at the bridgehead of small bicyclic ring 
way of fairly stable phenonium ions terns undergo substitution processes only alni* 



gislily. In the absence of ready access at the 
back side of the reaction center, the Sv2 pathway 
is excluded. The inability of the compounds to 
form planar carbonium ions precludes a S.vl 
route. However, displacements do occur slowly at 
elevated temperatures, presumably via nonplanar 
cations. 

Unsaturated nucleophilic substitution. Nucle- 
ophilic substitution reactions at unsaturated car- 
bon atoms can take place by two possible mecha- 
nistic routes, an elimination-addition process and 
an addition-elimination scheme. The former route 
is best illustrated by the transformation of aro- 
matic halides into anilines 



The latter is encountered in the interconversion of 
carbovylic acids and their derivatives, for f!xaniple, 

RCUjR’ [RC(01I)j.0K'J RCOiiH 


Sluric offset (chomlcol rooction) 19f 

quirement, retard the reaction rate. Unusual aro- 
matic nucleophilic substitutions have been observed 
in cases 'where steric hindrance by ortho substitu- 
ents has prevented addition to aromatic ketones to 
occur, for example, 



Addition reactions. The steric course of addi- 
tion reactions at unsaturated sites depends largely 
on the reagent. Catalytic hydrogenation, a nonho- 
mogeneous process of undetermined mechanism, 
occurs in a cis manner. In the absence of any steric 
interference, it leads to thermodynamically stable 
products. In the presence of steric hindrance, the 
two new hydrogen atoms are usually introduced on 
the least hindered side of the unsaturated com- 
pounds. However, sometimes some bulky polar 
groups actually aid. rather than retard, adsorption 
of the catalyst on their side of the reducing com- 
pound, ihereby leading to products of opposite con- 
figuration. 

The oxidation of olefins to vicinal glycols by per- 
manganate salts or osmium tetroxide also proceeds 
in a cis fashion and also involves the least>hindered 
side of the reacting substrate. The Diels-Alder re- 
ai tion behaves similarly, for example. 


Hecaiise the central carbon atom has greater steric 
ref|iiirenicnls in the reaction intermediate than in 
the ’-tarling material, the reaction velocity is 
•‘Irougly dependent on the size and number of 
neighboring groups; that is, an increase in the 
Inilkincss of R is reflected in a decrease of the rale 
of fh«^ reaction. 

I lie addition-elimination mechanism is portrayed 
aUo by (he aromatic nucleophilic substitution re- 
action. for example, 




In order to he able to stabilize the reaction inter- 
^nediatc, the all-important nitro group must be co- 
planar with the benzene ring. As a consequence, 
nrtho substituents, which may block this steric re- 



All addition processes, during which two new 
bonds arc formed more or less simultaneously, 
yield cis adducts. 

Ionic addition reactions of olefins and acetylenes 
occur in a trans manner. The mode of addition is 
such as to lead to product via the most stable cat- 
ions ( Markownikoff addition ) , for example. 
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Halogen addition to cyclic olefins lead^ to trans 
diaxial dihalides; which, on standing, isomerize to 
the more stable trans diequatorial dihalides. 
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^ie ad^on reaetieiis of carbonyl compounds 
follow a stmk coarse very similar to those of ole- 
fins. Howevetji the reagents are mostly nucleophilic, 
uid some reactions are equilibrium processes, for 
example. 
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Elimimtion rtacUoiw. Elimination reac^a, 
can be carried out by pyrolysis of esters, 
or amine oxides in the liquid or vapor phase, llhese 
eliminations always involve a rupture of vicinal cis 
bonds. 

Alternatively, similar cleavage processes cait be 
made to occur ionically in solution, in which 
case they proceed in a trans fashion. The direction 
of elimination depends greatly on the molecularity 
of the process, as well as on the sizes of the leaving 
group and the attacking base. The two-step, uni- 
molecular cleavage, an El process, leads predomi- 
nantly to the more substituted, hence more stable, 
olefins, for example. 


The orientation of attack and the reaction rate are 
governed hy the environment of the carbonyl 
group. 

Addition reactions of conjugated carbonyl sys- 
tems can occur through cation as well as anion 
intermediates, but they uniformly place the nucleo- 
philic part of the reagents on the j8-carbon atoms, 
for example. 
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The one-step, bimolecular elimination (an E2 proc- 
ess) of neutral compounds yields similar products, 
for example. 
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The reaction of carbonyl compounds as enol or 
enolate anions with electrophilic reagents can take 
two different courses. If the process is kinetically 
controlled, the electrophile, a proton, halonium ion, 
or others, interacts with the substrate on its least- 
hindered side. However, if the reaction is thermo- 
dyifamically controlled, then, independent of mech- 
anism, the most stable product is obtained. 


However, an E2 reaction on positive ions, ammo- 
nium or sulfonium salts, affords the less sub- 
stituted olefin in preponderant yield (an example 
is given at the bottom of the page) . 

Reactions leading to the more stable products 
are said to follow the Saytzeff rule, whereas those 
yielding less stable olefins obey the Hofmann rule. 
Because the transition state in the E2 reaction is of 
lowest energy when all atoms involved in the elimi- 
nation are in a plane, the fastest rates among cyclic 
compounds are encountered in the cases which 
permit a diaxial alignment of vicinal substituents. 
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Many ionic elimination reactions are known 
which involve the rupture of more than two bonds, 
for example. 
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The £2' processes, eliminations of two groups on 
carbon atoms separated by an olefinic linkage, ap- 
pear to be cis in nature 
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Electrophilic substitution. Steric factors have 
a fair control over the course of the aromatic elec- 
trophilic substitution reaction. In reactions of com- 
pounds containing ortho-para directing substitu- 
ents, the p/o product ratio is usually greater than 
and increases with the size of the substituent 
and that of the reacting species. The i ule-accelerat- 
irig participation of electron-donating groups, 
Jurated ortho or para to the incoming substituent, 
in stabilizing the transition state is greatly dimin- 
ished in the presence of bulky ortho neighbors 
>\hirh would prevent the groups from attaining 
coplanarity with the benzene, for example, 



Sec Chclation; Conformational analysis; Or- 

fHEMICAL SYNTHESIS; ORGANIC REACTION 

MM HAMSM ; Stereochemistry. [e.w.] 

Bibliography: D. J. Cram and G. S. Hammond, 
Organic Chemistry^ 1959; W. Klyne (ed.). Progress 
in Stereochemistry, vol. 1, 1954; M. S. Newman 
(ed. ), Steric Effects in Organic Chemistry, 1956. 

Sterility 

In man, relative or absolute inability of either the 
male or the female to reproduce. In the male, 
sterility may or may not be associated with im- 
potence, the inability to perform the sexual act. 
Absent or abnormal testes, the production of low 
numbers of or imperfectly formed sperm, and 
obstruction of the passage of sperm are the most 
common causes in the male. Congenital defects, 
hormonal imbalances, or chronic disease may con- 
tribute to sterility in either sex. 

In women, the moat common causes are related 
to obstruction of the Fallopian tubes and abnor- 
malities of the cyclic changes which occur in the 
nterus and other genital organs. 

In any case of continuing failure to achieve 
Pregnancy both husband and wife should be thor- 
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oughly examiited by a specialist in the field. In 
most cases relatively minor adjustments will suf* 
fice; in a few cases the causes cannot be remedied 
by present means. See Reproductive system. 

[E.C.ST.] 

Sterilization 

An act of destroying all forms of life on and in an 
object. A substance is sterile, from a microbiologi- 
cal point of view, when it is free of all living mi- 
croorganisms. Sterilization is used principally to 
prevent contamination which often causes the spoil- 
age of food and other substances and to prevent the 
transmission of diseases by destroying microbes 
that may cause diseases in man and animals. 

Microorganisms can be killed either by physical 
agents, such as heat and irradiation, or by chemical 
substances. Regardless of the manner in which they 
are killed, they generally die at a constant rate un- 
der specified environmental conditions. If the loga- 
rithm of the number of survivors is plotted against 
time, the resulting curve will produce a straight 
line. 

When testing a substance for sterility, care must 
be taken to employ appropriate techniques. A bac- 
terial cell is considered to be killed when it is no 
longer capable of reproducing itself under suitable 
environmental conditions. If an inadequate medium 
is employed to subculture the treated bacteria, the 
substance being tested may be wrongly considered 
to be sterile. 

By far the most resistant of all forms of life, to 
both physical and chemical killing agents, are 
some of the bacterial endospores (see Bacterial 
ENDOSPORES). If they did not exist, sterilization of 
such materials as bacteriological media and equip- 
ment. hospital supplies, and canned foods would be 
much simpler. 

Heat sterilization. This is the most common 
method of sterilizing bacteriological media, foods, 
hospital supplies, and other substances. Either 
moist heat (hot water or steam) or dry heat can 
be employed, depending upon the nature of the 
substance to be sterilized. Moist heat is also used 
in pasteurization, which is not considered a true 
sterilization technique because all microorganisms, 
are not killed; certain pathogenic organisms and 
other undesirable bacteria are destroyed (see 
Pasteurization ) . 

Moist-heat sterilization. Some bacterial endo- 
spores are capable of surviving several hours at 
100^ C. Therefore, for moist-heat sterilization, an 
Autoclave, pressure cooker, or retort,, with steam 
under pressure, is required to achieve higher tem- 
peratures. 

Most bacteriological media are sterilized by au- 
toclaving with steam at 121^0, with 15 lbs pres- 
sure, for 20 min or more, depending upon the vol- 
ume 9 f material being heated. Some spores are ca- 
pable^of surviving moist heat equivalent to at least 
7 min at 121^C 

Steam under atmospheric pressure in an Arnold 
sterilizer is sometimes employed for spocialized 
bacteriological media that are easily hent dam- 
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Fig. 1. Diagrammatic sketch of an autoclave. (American Sterilizer Company) 


aged. Because many bacterial spores survive this 
treatment, it is obviously inadequate to ensure 
sterility. 

Tyndallization, The food or medium i^' steamed 
for a few miiiutes at atmospheric pressure on three 
or four successive occasions, separated by 12- to 18- 
hour intervals of incubation at a favorable grow- 


ing temperature. In theory the intervals of incuba- 
tion allow any surviving bacterial spores to germi- 
nate into more heat-sensitive, vegetative celb- 
which then would be killed during the next heat 
treatment. However, spores like vegetative cells 
may require special conditions .joti^^ as an appf^ 
priate medium or proper oxygen tension or piop^t 
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temperature to germinate and reproduce. These 
conditions may not be realized during the intervals 
between heat treatment and no matter how often 
the steaming is repeated ungerminated spores may 
survive and eventually germinate when conditions 
have been changed. The survival of ungerminated 
spores reduces the effectiveness of this method and 
it has been supplanted by other methods. 

Hot air sterilization. Glassware and other heat 
resistant materials which need to be dry after 
treatment are usually sterilized in a hot-air steri- 
lizer. Dry sterilization requires heating at higher 
temperatures and for longer periods of time than 
does sterilization by steam under pressure. A tem- 
perature of 160-165®C for at least 2 hours is gener- 
ally employed in hot-air sterilization. Dry heat kills 
the germs through denaturation of protein which 
may involve oxidative processes. 

Radiation sterilization. Many kinds of radia- 
tions are lethal, not only to microorganisms but to 
olhei forms of life. These radiations include both 
high-energy particles as well as portions of the 
electromagnetic spectrum. The mechanism of the 
lethal action of these radiations is not entirely 
clear. It may involve a direct energy absorption at 
some vital part of the cell (direct target theory), 
or the production of highly reactive, ionized, free 
radicals near some vital part of the cell (indirect 
effect). Bacterial endospores are relatively resist- 
ant to all types of radiation. See Radiation bio- 
niKMISTRY. 

Ultraviolet radiation. Radiant energy in the ul- 
traviolet region of the spectrum is highly bacteri- 
cidal. especially at wavelengths of approximately 
26S0 angstroms. I.ainps which generate ultraviolet 
radiation in this region are useful for the steriliza- 
tion of air and smooth surfaces. Ultraviolet rays 
have very low penetrative capacity, since even a 
thin layer of glass absorbs a high percentage of 
the rays. Some irradiated cells that are presumably 
dead may be photoreactivated with visible light. 

Comma rays. The.se are high-energy, electromag- 
netic radiations similar to x-rays. They have great 
penetrative capacity and their energy is dissipated 
in the production of ionized particles from the ma- 
terial being irradiated. Radioactive isotopes, such 
as cobalt-60, are a common source of gamma rays, 
f^amma irradiation of foods has received much at- 
tention as a means of sterilizing foods without 
cooking them. Sterilization requires a radiation 
dose of approximately 5,000,000 rads (5 X Kr 
^‘rgs of energy absorbed per gram) . 

Cathode rays. These high-speed electrons (beta, 
fays) niay be generated with various types of elec- 
tron accelerators. This type of radiation has rela- 
tively low penetrative capacity, depending upon 
ti« energy level of the emitted electron beam, 
kathode rays sterilize in a manner identical with 
g^imma rays and without significantly raising the 
l^mperature of the material being irradiated, 
hey have received some application in the steri- 
**ation of surgical supplies, drugs, and in the ex- 
perimental sterilization of foods. 



Fiq. 2. Cobalt-60 furnace designed for experimental 
food sterilization. 



Fig. 3. Van de Graaff Genarotor principle; packaged 
products sterilized by means of high-intensIty electron 
beam which penetrates packoges and sterilizes con- 
tents. (From W. hA. Urbain, Food Eng,, vo/. 25, Feb- 
ruary, 1953) 
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Fig. 4. Filtration sterilization by Berkefeld type of fil- 
ter. (Redrawn from D. L. Balding and A. 7. Marsfon, 
A Textbook of Medical Bacteriology, App/eton-Century- 
Crofts, 1938) 

Filtration sterilization. This is the physical re- 
moval of microorganisms from liquids, by filtering 
through materials having relatively small pores. 
Sterilization by filtration is employed with liquid 
that may be destroyed by heat, such as blood se- 
rum, enzyme solutions, antibiotics, and some bac- 
teriological media and medium constituents. Ex- 
amples of such filters are the Berkefeld filter 
(diatomaceous earth), Pasteur-Chamberland filter 
(porcelain), Seitz filter (asbestos pad), and the 
sintered glass filter. Most of these filters are avail- 
able in different pore sizes. 

The mean pore size of bacteriological filters is 
not the only determinant in then effectiveness. The 
electric charge of the pore surfac es tends to adsorb 
the bacteria and thus prevent their passage. Most 
bacteria have a net negative electrical charge on 
their surfaces. Usually, bacteriological filters will 
peimit the passage of viruses, whi< h are then called 
filterable 

A Millipore filter is a specially prepared mem- 
brane molecular filter designed to remove bacteria 
from water, air, and other materials, for the pur- 
pose of estimating quantitatively the baiterial pop- 
ulation. A sterile filter disk is assembled in a filtra- 
tion unit and a specified volume of water or solu- 
tion is drawn through the disk which then retains 
the bacteria. The filter disk is lemoved and placed 
in a sterile petri dish containing an absorbent pad, 
previously saturated with an appropriate bacteri- 
ological medium. Upon incubation, colonies will 
develop on the filter disk wherever bacteria were 
entrapped at the time of filtering. Spec ial differen- 
tial. or selective, media can be employed to detect 
quantitatively specific types of bacteria from the 
original material. ,See Watfr analysis. 

Chemical sterilization. Chemicals are used to 
sterilize solutions, air, or the surfaces of solids. 
Such chemicals are called bactericidal siib.stances. 
In lower concentrations they bec'ome bacteriostatic 
rather than bactericidal, that is, they prevent the 
growth of bacteria but may not kill thenft Other 
terms having similar meanings are employed. A 
disinfectant is a chemical that kills the vegetative 
cells of pathogenic microorganisms but not neces- 


sarily the endospores of sporeforming pBlhog^s, 
An antiseptic is a chemical applied to living tissue 
that prevents or retards the growth of microorgan. 
isms, especially pathogenic bacteria, but wSich 
does not necessarily kill them. 

The death of microorganisms subjected to bac- 
tericidal substances can be expressed exponen- 
tially, in that a straight-line graph is pr^uced 
when the logarithm of survivors is plotted against 
time. The more concentrated the chemical em- 
ployed, the greater is the rate of death. 

There are hundreds of chemicals that may be 
considered to have sterilizing or bactericidal prop- 
erties, depending upon the particular use for which 
they are intended. A chemical may be particularly 
useful for one purpose but not for another. Many 
are widely used for sterilization or disinfection of 
air, water, table tops, surgical instruments, and 
so on. 

The desirable features sought, in a chemical ster- 
ilizer are toxicity to microorgaiffsms but nontoxir 
ity to man and animals, stability, solubility, inabil 
ity to react with extraneous organic materials, 
penetrative capacity, detergent capacity, noncor 
rosiveness, and minimal undesirable staining ef 
fects. Rarely does one chemical combine all thes^ 
desirable features. 

Among chemicals that have been found useful as 
sterilizing agents are the phenols, alcohols, ihlo 
rine compounds, iodine, heavy metals and metdl 
complexes, dyes, and synthetic detergents, includ 
ing the quaternary ammonium compounds. 

Chlorine. Chlorine and chlorine-containing com 
pounds represent the most widely used group of 
disinfectants. Chlorine gas is often used to punfv 
municipal water. 

Various compu^rnds of chlorine, such as the hy 
pochlorites and chloramine, have many industrial 
and domestic uses as disinfectants or antiseptics 

Ozone. This is a highly oxidizing gas (OO used 
ds a deodorizer, and also for disinfection of air and 
water. It has found some use in the food fields, but 
effective bactericidal concentrations may be iintat 
ing and toxic to humans. 

Hydrogen peroxide. This chemical (HjOo) ha‘- 
high oxidizing and bleaching qualities and is usii 
allv employed in a 3% solution for topical apph 
cation and disinfection of cuts, scratches, and mi 
nor wounds. It decomposes into water and oxygen 
and therefore is used where no taste, odor, or toxic 
residues are permitted. 

Volatile organic compounds. Such compounds a** 
formaldehyde and ethylene oxide have been used 
for the disinfection of sickrooms occupied by pa- 
tients suffering from contagious disease (terminal 
disinfection), and of solids that do not permit 
heat treatment. These volatile substances have the 
advantages of effective penetrative capacity and 
ease of removal, after treatment. 

Volatile organic substances are sometimes em- 
ployed as bacteriostatic agents to preserve bac- 
teriological medium constituents until they 
heat sterilized. An example is a mixture of chloro- 










I nzene dichloroethaM, and n-butyl chloride, as 
employed by S. H. Hutner. [c.f.n.J 

Bibliography: M. J. Pclczar and R. D. Reid, Mi- 
crobiology, 1958; G. F. Reddish (ed.), Antiseptics, 
Disinfectants, Fungicides, and Chemical and Phys- 
ical Sterilization, 2d ed., 1957. 

Steroid 

One of a group of widely occurring natural prod- 
ucts The steroids are critically important to plant 
and animal life. Many steroids, like sterols, bile 
acids, sex hormones (androgens and estrogens), 
adrenal cortex steroids (adrenal cortex hormones), 
and cardiac active principles (digitoxigenin), 
exert profound physiological effects. Steroids are 
used on an ever-increasing scale in medicine for 
the treatment of disease. New types of steroids and 
new methods of production are being developed. 
In general, steroids used in the field of medicine 
are prepared by a combination of chemical and 
microbiological methods. 

Structure. The steroids are solids, colorless, and 
for the most part, saturated compounds (contain 
fow double bonds — C“=C — ). They contain a 
lomplicated ring structure, the cyclopentanoper- 
li\drophenanthrene ring system or a close modifica- 
tion of this. The substances within this family 
differ in the chemical substituents on the ring 
svstpin, which is also called the nucleus, and on the 
side (ham attached to the nucleus. Almost all of 
these materials can be converted by dehydrogena- 
tion with selenium into compounds which contain 
t)hendnthiene 

The molecular structure of a sterol (I), a steroid 
whnh contains a hydroxy or alcohol group (OH), 



The abbieviated way of drawing the structure of 
this sterol, called dihydrocholesterol (II), is 



The rings A, B, C, and D, which include carbon 
atoms numbered as shown from 1 through 17, are 


the cyclopentanoperhydrophenandirene system. In 
carbon compounds, the carbon atom is at Ae center 
of a tetrdhedral figure^ and the four atoms or 
groups of atoms attached to the carbon are not in 
one plane. When all four atoms or groups are 
different, the compound can exist in two mirror- 
image forms, each of which is called an isomer. 
The carbon atom bearing four different substitu- 
ents is termed an asymmetric carbon atom. Dihy- 
drocholesterol contains nine centers of asymmetry, 
at carbon atoms 3, 5, 8, 9, 10, 13, 14, 17, and 20, 
and the number of possible isomers is 2®, or 512 
materials, each of which, though closely related, 
would differ from the next. Physiological activity is 
usually highly specific for a single isomer. Only a 
few of the total possible isomers for each com- 
pound with the same number of carbon, hydrogen, 
and oxygen atoms, exist in the naturally occurring 
steroids, although others have been synthesized by 
chemical methods. The two natural dihydrocholes- 
terols are cholestanol and coprostanol, and these 
differ in respect to the configuration of rings A 
and B In all steroids which contain the angular 
methyl groups (CHj), carbon atoms 18 and 19, 
these project upward, or above the plane of the 
molecule. The configuration of an atom or group 
above the plane is shown as a solid line in the struc- 
tural formula, and projection behind the plane oL 
the molecule is shown as a dotted line. Rings A 
and B can be joined so that the hydrogen atom at 
carbon 5 projects to the rear, or behind the plane 
of the molecule as in cholestanol (III). 


HO 

H 

A/B trans or alio A/B cis or normal 

This trans or opposite spatial arrangement is 
termed the allo ( onfiguration. The fusion of rings 
A and B so that the hydrogen atom at carbon atom 
5 projects above the plane exists in coprostanol, 
and IS termed the normal configuration. The fusion 
of rings B and C is trans, where the hydrogen atom 
at carbon atom 9 projects behind the plane, in all 
naturally occurring steroids. Similarly, rings C 
and D are joined in the trans configuiation, with 
the hydrogen at carbon atom 14 projecting behind 
the plane, in all steroids except the cardiac active 
principles, which are in the cis arrangement, with 
. ^the hydrogen at carbon atom 14 above the plane of 
the molecule. (For asymmetry of hydroxyl group at 
carbon atom 3, see Sterol.) Isomerism at carbon 
atoms 17, 20, 22, and 2S also exists among naturally 
occurring steroids^ 

Source. Steroids are obtained from natural 
sourt^es by thorouj^ extraction with an organic 
solvent, usually ether. Separation of mixtures of 
steroids can be carried out by a varietv of proce- 
dures, depending on the kind of steroid. These may 
involve the use of specific" reagents like Girard’s 
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reagent for ketonic (C==0) steroids, and digitonin 
for sterols* or by fractional crystallization, solvent 
partition, and chromatography. Identification of 
individual steroids is based on many criteria, in- 
cluding analysis for carbon and hydrogen, molec- 
ular-weight determination, melting point, optical 
activity, conversion by chemical methods to other 
known compounds, absorption spectroscopy in the 
ultraviolet and infrared portions of the spectrum, 
and by chemical synthesis. See Adrenal cortex 
steroid; Androgen; Bile acid; Digitoxigenin; 
Estrogen. [lz.1 

industrial production by fermentation. In the 
fermentation processes for the production of ster- 
oids, certain biochemical activities of microorgan- 
isms are controlled so as to cause an abundant 
biosynthesis of a native sterol like ergosterol (IV) 
during growth or to modify some steroid such as 
progesterone (V) to a close analog ll-«-hydroxy- 
progesterone (VI) through the enzymatic action 
of the microorganism. 



(IV) 




(V) (VI) 

Ergosterol, the most important native microbial 
steroid, is a regular component of yeast {Saccha- 
romyces cerevisiae)^ and thus may be recovered 
from the yeast crop during alcoholic fermentation 
as a by-product. Much higher yields, up to 2.7% of 
the yeast dry weight, can be obtained with certain 
strains grown in special, aerated media. Ergos- 
terol may be recovered by digestion of the yeast 
cells with alkali, extraction of the resulting saponi- 
fication mixture with a solvent such as ether, and 
crystallization from the ether. Ergosterol is mar- 
keted chiefly in the irradiated form, Viosterol, 
or vitamin D 2 . The yearly production of irradiated 
ergosterol is about 1500 lb (25 X lO*"* USP 
units), worth about $600,000. See Ergosterol; 
Vitamin D; Yeast, industrial. 

Steroids not demonstrably native to microorgan- 
isms may be converted to more useful analogs by 
exposure to growing or pregrown cells, or to cell- 
free enzyme systems of selected species of micro- 
organisms, Microorganisms useful in converting 
steroids are in general propagated in submerged 
culture under conditions similar to those employed 
in the production of antibiotics. Usually, the ster- 


oid substrate is added to the culture in a' solvent 
such as methanol, propylene glycol, A^,iV-dimethyl. 
formamide to give a concentration of steroid in the 
fermentation of 100-1000 mg/liter. Conversion 
efficiencies approaching the theoretical mgy he 
obtained in contact periods of a few hours to several 
days. Recovery of the conversion product or prod- 
ucts is accomplished by solvent extraction of the 
whole or filtered fermentation mixture, concentra- 
tion by evaporation, and recrystallization from a 
suitable nonaqueous solvent. If a mixture of prod- 
ucts is obtained, purification by fractional crystal- 
lization or chromatography is required. See Anti- 
biotic; Chromatography; Solvent extraction, 

Microorganisms useful in the conversion of 
steroid substrates include a variety of yeasts, molds, 
bacteria, and actinomycetes. Most of these con- 
versions involve oxidations or reductions, through 
elimination or addition of hydrogen or substitution 
of hydroxyl for hydrogen. The exact modification 
of the steroid depends upon ftie particular organ- 
ism used and on the exposure conditions. See 
Actinomycetales; Bacteria. 

Several fermentation processes for conversion of 
steroids have been integrated into muliistep syn 
theses of steroid hormones or hormone analogs. 
For example, the potent corticosteroid drug tri- 
amcinolone (IX), useful in the treatment of rheu- 
matoid arthritis, may be produced from hydro- 
cortisone (V) via flijorocortisone (VIII) in seven 
chemical steps followed by two fermentation step^. 
with an over-all yield of about 8^ of theoretical. 
An alternative process with a different starting 
materia], with chemical introduction of the 16-rtf 
hydroxyl group, might require four or more addi- 
tional steps with less than one-half the over-all 
yield. Hydrocor||^one itself may be a fermentation 
product; its synthesis via microbiological ll-o- 
hydroxylation allows the use of relatively abundant 
plant steroids instead of animal steroids as ra^ 
materials. See Arthritis; Hormone. 



Most of the corticosteroids, for example, corli- 
sone, hydrocortisone, and newer analogs, are sold 
as antirheumatic, antiarthritic, anti-infiampiRtory 
drugs and are manufactured by processes invoIviRg 
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one or more fermentation ateps. Some of the newer 
^x-hormone analogs sold as drugs are manufac- 
tored partly by fermentation. Thus, steroid fermen* 
ration products represent a large share of the 
<120 000,000 estimated annual sales of steroid hor- 
mones in 1958 and 1959. fa.w.T.] 

Bibliography: L. F. Fieser and M. Fieser. Nat- 
ural Products Related to Phenanthrene, 3d ed., 
1949 ; R. S. Harris et al. (eds.). Synthetic deriva- 
tives of cortical hormones. Vitamins and Hormones, 
vol. 16, 1958; G. Pincus (ed.). The use of micro- 
organisms in the synthesis of steroid hormones and 
hormone analogues. Recent Progr. in Hormone 
Research, vol. 1 1. 1955 ; C. W. Shoppee. Chemistry 
of the Steroids, 1958; L. A. Underkofler and R. J. 
Hickey (eds.). Industrial Fermentations, vol. 2, 
19.54; E. Vischer and A. Wettstein. Enzymic trans- 
formations of steroids by microorganisms. Ad- 
vances in Enzymol.. 20:237, 1958. 

Sterol 

One of the widely occurring steroids, which con- 
tains a hydroxyl or alcohol (OH) group at carbon 
atom H and an aliphatic side chain attached to car- 
l)(in atom 17 of the cyclopentanoperhydrophenan- 
ihrene nucleus. The molecular structure of a sterol 
is shown in the formula. Specific examples of ster- 
oU are cholesterol, ergosterol. adrenal cortex ster- 
oids. Idle acids, estrogens, androgens, and digitoxi- 
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These sterols may be classed as zoosterols (ani- 
mal i. phytoslerols (plant), mycosterols (yeast and 
fiingusl. and marine sterols (sponge). Most animal 
^terols contain 27 carbon atoms, but lanosterol and 
agnoslerol. present in wool fat, are iiO-carbon com- 
pounds. Plant and algal sterols ordinarily have 29 
rarbon atoms, and yeast and fungal sterols are 27- 
or 28-carbon compounds. No direct function is 
known for these compounds. In animal tissues, rel- 
atively small amounts of cholesterol are used as the 
precursor, or starting material, for .steroid hor- 
nmnes. See Adrenal cortex steroid; Androgen; 
E'^trogen; Progesterone. 

Asymmetry in sterols. Asymmetry of the hy- 
droxyl group at carbon atom 3 is possible. A spa- 
tial arrangement in which this group extends above 
the plane of the molecule, on the same side as the 
^*^gular methyl group, C-18. is tcrrped the 3()8) 



3 (jS) -Hydroxy- 3(a)-Hydroxy- 

3(a) and 3(|3) configurations 


configuration. When the hydroxyl group projects 
on the opposite side, this is known as the 3(a) con- 
figuration. All natural sterols appear to be 3(j8) 
compounds. The substance, digitonin, has the prop- 
erty of forming an insoluble complex in alcoholic 
solution with 3 (^) -steroids, and is used for separa- 
tion of these from 3 (a) -steroids, for preparative 
and analytical purposes. 

Sterol isolation. Sterols are isolated from natu- 
ral sources by extraction with organic solvents, 
usually after treatment with alkali to saponify or 
produce free sterol from sterol esterified to long- 
chain fatty acids {see Esterification). Crystalli- 
zation of extracted sterols yields mixtures, separa- 
ble with difficulty, of closely related materials, be- 
cause molecular compounds and mixed crystals 
form readily. Chemical preparation of derivatives 
with differential solubilities, the use of chromatog- 
raphy, or other methods are necessary for adequate 
purification. Analysis of sterols is based on the for- 
mation of colored materials by treatment with 
strong acids under dehydrating conditions. See 
Chromatography. 

Absorption and transport in blood. Dietary cho- 
lesterol is readily absorbed into the lymph system 
from the small intestine; however, only small 
amounts of plant sterols can be absorbed. About 
half of the total cholesterol in the lymph is in the 
esterified form. Cholesterol is emptied through the 
thoracic duct into the circulation, which ordinal ily 
contains a ratio of esterified to free cholesterol of 
2:1 or 3:1. Two mechanisms exist for esterification 
of cholesterol. In the small intestine, an esterase 
catalyses the combination of cholesterol and a fyee 
fatty acid. Tn the liver, a different enzyme joins a 
fatty acid, bound to coenzyme A, to cholesterol 
(see Coenzyme). In the esterified cholesterol of 
blood plasma, almost all of the fatty acids are un; 
-saturated {sec Unsaturated hydrocarbon). Cho- 
lesterol and its ester are bound loosely and are 
transported in blood plasma, in association with 
lipoproteins. The total cholesterol content in hu- 
man plasma is about 200 mg per 100 ml. Subjects 
with higher levels show increased tendency toward 
'coronary diseases. 

Excretion and transformation of sterols. The 

sterol mixture in animal feces consists of unab- 
snrhed sterols ingested in the diet, coprostannl 
formed by bacterial reduction of cholesterol ex- 
creted from the bile into the small intestine, and 
traces of cholestanol. A large part of the loss of 
cholesterol from the body is by conversion ta bile 
acids (see Bile acid). This involves the removal of 
the end three carbon atoms of the side chain and 
modification of nuclear substituents. Cholesterol is 
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converted in animal tissues to male and female sex 
hormoneSf progesterone, and adrenal hormones. 
Alternate paths from acetate to some of these hor- 
mones, without the intermediary formation of cho- 
lesterol, may also occur. 

Pathology. Several pathological conditions, in 
which sterols have been implicated, are discussed 
in the following paragraphs. 

In arteriosclerosis, the walls of arteries, particu- 
larly the intima, or innermost coat, show an abnor- 
mal thickening and hardening. Atherosclerosis is a 
type of arteriosclerosis in which the fibrous thick- 
ening of the intima is accompanied by atheroma- 
tous, or fatty, degeneration. Atherosclerotic 
plaques contain lipids rich in cholesterol esters. 
This condition can readily be produced in rabbits 
by feeding diets rich in cholesterol. Atherosclerosis 
occurs more frequently in older humans, in whom 
serum cholesterol levels appear to be higher, than 
in younger persons. 

Xanthomatoses are diseases characterized by the 
presence of multiple, benign fatty tumors, often 
rich in cholesterol, which are present in skin, ten- 
don sheaths, and bone. In many cases, associated 
high levels of serum cholesterol are found. See 
Cholkstcrol; Dicitoxicknin; Steroid. fi.z.j 

Stibnite 

A mineral with composition Sb^S^ (antimony tri- 
sulfide), the chief ore of antimony. It crystallizes 
in the orthorhombic system, in slender, prismatic, 
vertically striated crystals whu-h may be curved or 
bent. It is often in bladed, granular, or massive 
aggregates. There is one direction of perfect cleav- 
age showing cross striations. The hardness is 2 and 
the specific gravity 4.5-4.6. The luster is metallic 
and the color lead-gray to black. It is one of few 
minerals that fuses easily in the match flame 
(525°C). 

Stibnite is found in quartz veins in granite and 
gneiss with few other mineraLs present. Elsewhere 
it may be associated with cinnabar, realgar, orpi- 
ment. gold, galena, and sphalerite. Replacement 
deposits in limestone are probably the result of 
deposition by hot springs. It has been found in 
various mining districts in Germany. Rumania, 
France, Bolivia. Peru, and Mexico. Before World 
War II the most important commercial deposits 
were in the Province of Hunan. China. In the 
United States the Yellow Pine mine at Stibnite. 
Idaho, is the largest producer. Other deposits are 
in Nevada and California. The finest crystals have 
come from the island of Shikoku. Japan. See 
Antimony. f c.s.hu.] 

stickleback 

Any of about 12 species of small fishes of the fam- 
ily Casterosteidae. found in both salt and fresh wa- 
ter. widely distributed in the Northern Hemi- 
sphere. The sticklebacks are characterised by a 
series of spines on the back, each with a small fin 
membrane, and by the very slender caudal pedun- 
cle. They are known for their nest-building habit. 



The three-spined stickleback, Gasterosfeus aeuhofus. 
(From £. L. Palmer, Fieldbook of Natural History, 
McGraw-Hill, 1949) 

the males building an oriolelike nest of aquatic 
plants held together by strands of mucus. Each 
male guards his nest until the eggs have hatched. 

Sticklebacks live in shallow water and feed upon 
zooplankton and aquatic insects. In some localities, 
they are of value in the control of mosquitoes. See 
G ASTEROSTEIFORMES. [ J .D.B.] 

Stilbeilaceae 

A family of fungi of the o^der Moniliales. Stil- 
baceae is a synonym for Stilbeilaceae. The coni- 
diophores are aggregated in long bundles or fasci- 
cles. forming so-called synnemata or coremia. gen- 
erally having the conidiu in a head at the top. The 
hyphae and conidia are hyaline or dark. There are 
about 80 genera and 350 species known. 

The genera are usually arranged into spore 
group^s depending upon the characteristics of the 
spore, such as the number of cells in the spore, and 
the shape and pigmentation of the spore. 

The Hyalosporae have 1-celled hyaline sporch. 
Stilbella, Isaria, Coremium^ and Graphium are im- 
portant genera in the Hyalosporae. Stilhum (S. 
gare) belongs to the Pilacraceae, a family of Ba- 
sidinmycetes. Isaria is a genus which has light-col- 
ored cylindrical or club-shaped (clavale) syn 
nemata. formiqi^ conidia along the whole length. 



Graphium ulmi, Synnema bearing o terminal mots of 
conidia embedded in mucilage. (After O.P^rdinondsen 
and C. A. Jbrgensen, 1938^1939) 


Isaria species are saprophytic or parasitic on in- 
sects. /. (PaecUomyces) farinosu is commonly 
found on dead insects. Coremium is a genus which 
has synnemata with green, fertile heads and the 
conidia are in chains (catenulate). All species are 
doubtless stilboid stages of Penicillium. For exam- 
ple. C. glaucum belongs to P. expansum. Graphium 
has synnemata which are tall and dark, bearing a 
rounded, terminal mass of hyaline conidia em- 
bedded in mucilage. Many species are imperfect 
stages of Ceratocystis (Ophiostoma) . G. ulmi 
causes Dutch elm disease. 



Isarlopsis griseoh. Synnemo composed of loose conid- 
iophores. Conidia dark, two or more cells. (After 
G. Viennof-Bourgin, 1949) 

Thf* Phaeophragmiae have dark spores with two 
01 imire cells. Isariopsis is a genus which has dark 
synnemata composed of loose conidiophores. There 
are 10 parasitic species known. /. griseoia causes 
a disease of beans. See Monfualks. f n.k.b. ] 

Stilbite 

A mineral belonging to the zeolite family of sili- 
cates. It crystallizes in the monociinic .system in 
crystals that are tabular parallel to the side pina- 
coid. Most characteristic are sheaflike aggregates 
of thin tabular crystals. There is perfect cleavage 
parallel to the .side pinacoid and here the mineral 
has a pearly luster; elsewhere the luster is vitreous. 
The color is usually white but may be brown, red. 

yellow. Hardness is 3M-4 on Mohs scale; 
specific gravity is 2.1~2.2. See Zeolite. 

Stilbite is a calcium-sodium aluminum silicate, 
Ca(Al2Si70i«)-7H20. The ratio of calcium to so- 
dium varies and with it a corresponding variation 

the amount of aluminum substituting for silicon. 
Potassium is usually present substituting for so- 
‘ dium. 

Stilbite is a secondary mineral usually found in 
[cavities in basalts and related rocke. Much less 
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Sheafllke aggregates of thin crystals typical of mineral 
stilbite. (From C. S. Hurlbut, Jr., Dana's Manual of 
Mineralogy, 16th ed., V/iley, 1952) 


commonly it is found in granites, gneisses, and in 
metal-bearing veins. It is associated with other 
zeolites, datolite, prehnite, and calcite. Some nota- 
ble localities are in Iceland, India, Scotland, Nova 
Scotia, and in the United States at Bergen Hill, 
New Jersey, and the Lake Superior copper district, 
Michigan. [c.s.hu.] 

Stirodonta 

An order of Euechinoidea proposed by R. Jackson 
in 1912. It included forms with keeled teeth and an 
open foramen magnum in the lantern. J. Durham 
and R. Melville (1957) abandon the group as 
polyphyletic. See Arbacioida; Echinacea; Eue- 
ciiinoidea; Hemicidaroida; Phymosomatoida. 

f H.B.F.] 

Stochastic process 

A physical stochastic process is any process gov- 
erned by probabilistic laws. Examples are (1) de- 
velopment of a population as controlled by Mende- 
lian genetics; (2) Brownian motion of microscopic 
particles subjected to molecular impacts, or, on a 
different scale, the motion of stars in space; 

(3) succession of plays in a gambling house; 

(4) passage of cars by a specified highway point. 

In each case, a probabilistic system is evolving, 

that is, its state is changing with time. Thus the 
state at time / depends on chance: it is a random 
variable x(t). The parameter set of values of t in- 
volved is usually (and will always be in this arti- 
cle) either an interval (continuous parameter sto- 
chastic process) or a set of integers (discrete 
parameter stochastic process). Some authors, how- 
ever, apply the term stochastic process only to the 
continuous parameter case. 

If the state of the system j.s described by a single 
number, x(t) is numerical-valued. In other cases, 
x{t) may be vector-valued or even more compli- 
cated. The discussion in this article will usually be 
restricted to the numerical case. As the slate 
changes; its values determine a function of time, 
the sample function, and the probability laws gov- 
'erning the process determine the probabilities as- 
signed to the various possible properties of sample 
functions. 

A mathematical stochastic process is a mathe- 
matical structure* inspired by the concept of a 
physical stochastic process, and studied because it 
is a jmathematical model of a physical stochastic 
process, or because of its intrinsic mathematical 
interest and its applications both in and outside 
the field of probability. The mathematical stochas- 
tic process is defined simply as a family of, random 
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variables^ That is, a parameter set is specified, and 
to each parameter point t a random variable x(t) 
is specified^ If one recalls that a random variable 
is itself a function, if one denotes a point of the 
domain of the random variable x(t) by (u, and if 
one denotes the value of this random variable at 
CO by it results that the stochastic process is 

completely specified by the function of the pair 
(t,ci>) just defined, together with the assignment of 
probabilities. If t is fixed, this function of two vari> 
ables defines a function of /o, namely the random 
variable denoted by jt(0- If is fixed, this function 
of two variables defines a function of a sample 
function of the process. 

Probabilities are ordinarily assigned to a sto- 
chastic process by assigning joint probability dis- 
tributions to its random variables. These joint dis- 
tributions, together with the probabilities derived 
from them, can be interpreted as probabilities of 
properties of sample functions. For example, if 
to is a parameter value, the probability that a sam- 
ple (unction is positive at time to is the probability 
that the random variable x(to) has a positive value. 
The fundamental theorem at this level is that, to 
any self-consistent assignment of joint probability 
distributions, there corresponds a stochastic proc- 
ess. 

The concept of a stochastic process is so general 
that the study of stochastic processes includes all 
of probability theory. Although it would be impos- 
sible to make specifically a more restrictive defini- 
tion. what the probabilist usually has in mind in 
using the term stochastic, process (unless he is in- 
terested in the mathematical foundations of the 
general theory) is a stochastic process whose ran- 
dom variables have some sort of interesting mutual 
relations. For example, one such relation is that of 
independence, and one type of stochastic process 
which was studied long before the term was in- 
vented is a sequence of independent random vari- 
ables. For historical reasons, such a sequence is 
not commonly thought of as a stochastic process 
(although its continuous parameter analog, a proc- 
ess with independent increments, to be discussed 
below, is). The rest of this article is devoted to a 
general discussion of specific types of stochastic 
processes which have received the most attention, 
because they arc important in mathematical and 
nonmathematical applications. 

Stationary processes. These are the stochastic 
processes for which the joint distribution of any 
finite number of the random variables is unaffected 
by translations of the parameter; that is, the dis- 
tribution of x(t\ + h) x(t„-{-h) does not 

depend on A. For a more complete discussion, see 
Probability. 

Markov processes. A Markov process is a proc- 
ess for which, if the present is given, the future and 
past are independent of each other. More precisely, 
if fi < • • * < tn are parameter valued, and if 
1 < ; < n, then the sets of random variables 

(^i ) X ( tf.i ) 1 and f X ) x {tn ) ] 


are mutually independent for given Equiva- 

lently, the conditional probability distribution of 
x(tn) for given , x(rn-i) depend# only 

on the specified value of x(tn^i), and is in fact the 
conditional probability distribution of given 

x(tn-i). An important and simple example is the 
Markov chain, in which the number of states 
finite or denumerably infinite. (The terminology 
varies somewhat here.) One simple type of di^ 
Crete- para meter Markov chain is the following. Let 
(p,^) be a set of numbers, where i, / range over a 
finite or infinite set of integers. (In physical lan- 
guage, the number will be the probability that 
some system has a transition from state i to stat<? 
j in one step.) The numbers p,j are to satisfy 

Ptj > 0 pij « 1 (1) 

i 

The random variables of the associated Markoi 
process are integral-valued’^ denoted by x(0l. 
x(l), . . . , If i() is prescribed as the initial statt. 
that is. if x(0) is assigned the value io identicalh. 
the probability that x{k) has the value i;.., for 
/c = I, . . . , yV, is the product 


Pm\ ' ‘ PiN-l^N 

For this process, p,-; is the probability that 
x(n -f 1) has the value / if x(n) has the value i 
The number p,j is also (and this is the charac- 
teristic property of Markov processes) the prob- 
ability that .Tin -f 1) has the value j if x{n) ha^ 
the value i and if also Tin — 1) has any prescribed 
value «!, x(n — 2) the value a-j- and so on. 
makes this a special Markov chain, aside from the 
fact that the states are denoted b\ integers, is thal 
the conditionaybi'^hability just described does not 
depend on n. The chain is therefore described 
having stationary transition probabilities. If the 
initial state is given a distribution, say by prescrib- 
ing that t( 0) have the value i with probabilit' 
p„ the evaluation (2) becomes 


PtPHi * ■ PiN-\iN 

t 

Here the p^’s are any nonnegativc numbers with 
.sum 1. If the initial distribution is chosen, as is not 
always possible, in such a way that the probability 
that T(n) has the value j is Pf, not only for n =* 0 
but for all values of n, the resulting process is sta- 
tionary. 

In constructing the corresponding continuous- 
parameter Markov chain, it is supposed that, for 
each pair (i,/), there is a function p;j(.), defined 
for strictly positive /, satisfying 


i 

pii(s + t) = E Pik(s)Pki(t) 


( 4 ) 


The equations of the system in the last line are 
known as the Chapman-Kolmogorov equationst. A 
Markov stochastic process with continuous para®* 



eier ranging from 0 to oo can be constructed for 
which, it Pi probability that 4f(0) has 

the value j, and if 0 < < * • * < tn, the probabil- 

ity that x(tk) has the value i* for A: * 1 , . . . , 
is given by 

^ PiptriMpiihi^^ ■ * P»Ar-ltJv(^iV — ^AT-l) (5) 

For this process, if s > 0, the probability that 
jt(w + 5 ) has the value if x(u) has the value i, 
i> The number Pij(s) is also the probability 

(and this is the characteristic property of Markov 
processes) that x{u + s) has the value y if x(u) 
has the value i, and if also x(ui) has any specified 
value aux(wz) the value ^ 2 , and so on, where 
Ml. M 2 i • • • *tre any positive numbers less than a. 
Thi'i example is not the general continuous-param- 
eter Markov chain because the transition probabil- 
ity just described does not depend on u, that is. 
because the chain has stationary transition prob- 
abilities. The process is stationary if the probabil- 
ity that x(u) has the value / does not depend on 1 /, 
for all /. The second line of Eq. (4) has a simple 
interpretation: the probability, if :«(«/) has the 
value i, that x(u s + t) has the value y, is the 
•.urn over k of the probability that ^(m + 5) has 
the value k multiplied by the probability that, if 
Kill) has the value and x(u + s) has the value 

then .r(w + .5 + / ) has the value y. Without the 
Markov property, the second factor might depend 
nn /. If the number of states is not finite or denu- 
Tiierably infinite, the preceding discussion is modi- 
lied l)v replacing sums in Eqs. (1). (3), (4), and 
iT) I l»y integrals. 

Typical applications. Typical questions that 
have been raised, and solved to a varying degree, 
about Markov processes with stationary transition 
probablJities, are the following. They are phrased 
in thf* continuous-parameter case, for the Markov 
<hain just described, and it is assumed that 


lim pn(t) ~ 1 for all i 
t-*o 

For convenience one defines PtjiO) as 1 if i = y 
and as 0 otherwise. 

1. Does p,j(t) have a limit when r— » 00 ? In 
other words, for each y is there a limiting prob- 
ability that the system is in state y as time passes? 
The answer is yes, and the limiting probability de- 
pends only on the end state y, not on the initial 
>^tate /, if transitions between all pairs of states are 
pi>ssible. 

2. What are the asymptotic properties of Pij{t) 
as 0? The answer is that p'o(O) always exists, 
and is finite except possibly when i = y. Under fur- 
ther hypf)theses on the transition probability fiinc- 
lions, always satisfied if there are only finitely 
*^any states. p'„ (0) is finite, and 


P'ij W “ L Pikit)p'ki(0) 
p'aU) “ ^p'ik{0)phj{t) 


(6) 


T'hese equations can be used to determine the tran- 
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sition probability functions in terms of assigned 
derivatives when t » 0. For example, if c is a 
strictly positive constant, and if p'y(O) is sped* 
fied as c if y =» i + 1, as — c if y » i, and as 0 
otherwise, it is shown that Pij(t) =* 0 if y < t, and 
that otherwise 


Pijit) 


(ct)^ 


(7) 


The process with these tiansition probabilities is 
known as the Poisson process. 

3. What are the properties of the sample func- 
tions? Under further restrictions on the process, 
the sample functions are constant on intervals, 
changing in jumps from one state to the next, and 
~p',j(0)/p'i,(0) is the probability that, if the 
system is in state /, its next jump will be into state 
y. If it is in the ith state, the time the system re- 
mains in this state thereafter is a random variable 
with density ge where g = — p'//(0). For ex- 
ample, in the case of the Poisson process described 
above, ii is shown that, under proper normalization, 
and if .r(0) = 0. the sample functions are integral- 
valued and monotone, increasing in unit jumps. 
This process is a mathematical model for the phys- 
ical process of radioactive decay. That is. x(t) can 
be interpreted as the number of radioactive disin"- 
tegrations of a substance by time t. in other inter- 
pretations, is taken as the number of tele- 

phone calls initiated by time t, or the number of 
cars that have passed a given highway point by 
time t. The constant c is the rale at which these 
various events occur. In fact the expected value of 
x(// + A) — X (a), that is, the expected number of 
events in a lime interval of length A (A here is of 
course positive), is rA, and the probability that an 
event will occur in an interval of length A, regard- 
less of the past history of the process, is rA up to 
higher powers of A. 

There are many spc<*ial types of Markov chains, 
for which more detailed questions become impor- 
tant. For example, consider the branching proc- 
esses. In a system of particles, all of the same type, 
a particle will occasionally split, independently of 
its past history and of the other particles, into 
/ ^ 0 particles with probability g^. If u particle is 
observed at time t, the probability that it will split 
by time f + A is rA, up to higher powers of A, 
where r is a strictly positive constant. Then the 
niimbei' of particles at time t is a random variable 
The x(t) process is a Markov proce.ss, and 
^p'ij(O) is easily determined in terms' of q; and r, 
A more general branching process would permit 
particles of several types, and each particle would 
be allowed to split into particles of the various 
types. The rate r would depend on the particle 
type. In this case. x(t) is defined as a vector, whose 
£th oomponent is the number of particles of type i 
at time f. The stocha.stic process Is a vector- 
valued Markov process. In studying branching 
processes, the most natnral questions to ask are: 
What is the probability that the population will die 
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out? If it doe» not die out, what is the asymptotic 
distribution of population as time passes? The 
answers are too technical to be given here. 

Transition prohabilities* If the states of a Mar- 
kov process comprise all real numbers, the charac- 
ter of the process may be similar to that of a chain 
but may also be quite different. For example, the 
sample functions of the process may be continuous. 
The most important examples of this type are the 
diffusion processes. Simplifying somewhat, but not 
assuming stationary transition probabilities, con- 
sider a Markov process for which the probability 
distribution of the state at time r, given state ^ at 
time 5 < r, has density Then the basic 

conditions satisfied by the transition density, corre- 
sponding to Eq. (1), are 

p(s,iAri) >0 P p(%iAri) dt? = I 

( 8 ) 

p{s,i,t,v) “ df if » < l< u 

Now suppose that the following limits exist and 
have the indicated values: 

lim P /)(?, f, 5 + A, V){V - f) drj/h « TO(s,f) (9) 

lira p(s, f, s + A, ri) (i? - f)^ dri/h = (10) 

These limit relations make m and a- the instanta- 
neous rates of change of the displacement and its 
variance, given a specified time and state. If m and 
o are sufficiently regulai. and if a further condi- 
tion is imposed which, roughly, makes improbable 
significant sample function changes in short rimes, 
the corresponding Markov process, when properly 
normalized, will have continuous sample functions 
Moreover the transition density will then satisfy 
the backward-diffusion equation 






and the forward-diffusion equation, also known as 
the Fokker-Planck equation. 


d , . . , 1 a* 




Conversely, given a pair of coefficient functions m 
and cT, these second-order parabolic equations can 
be used to derive the corresponding transition den- 
sities. 

The simplest nontrivial example of a diffusion 
process corresponds to the specification m « 0 and 
<r a constant function. In this case, the diffusion 
process is the Brownian motion process, or Wiener 
process: the increment x(t) — xfs) has a Gaus- 
sian distribution with mean value 0 and variance 
cr^|l — s\. This is a mathematical model for the 
physical Brownian motion. That is, if x(r) — xfr) 
represents the displacemefit in a given direction of 
a Brownian particle between times 5 and t, this proc- 
ess is a good model for the actual motion, 

MgttiflialM. A martingale is a stochastic process 
with the property that, if ti < * * * < tn are param- 


eter values, the expected value of x{tn)f for gHen 

af(ri), . . , isequal tox(tn-i).iliati8,the 

expected future value, given present and past val- 
ues, is equal to the present value. The interpreta- 
tion that a martingale can be thought of as the for- 
tune of a player after the successive plays of a fair 
gambling game is obvious. 

Typical results on martingales are the following 
If a sequence of random variables is a martingale, 
it converges under weak conditions which impose 
certain ^^bounds” on the random variables, for ex 
ample, if the expectation of the absolute value of 
the nth random variable is bounded independentiv of 
n. The sample functions of a properly normalized 
continuous-parameter martingale do not have os 
c illatory discontinuities. ^ 

The applications of martingale theory are ton 
technical to be given here, but one suggestive ex 
ample will be given, which indicates at least ho^ 
the theory can be usefully applied to information 
theory. Let y, xi, Jti, . . . be random variables, and 
let v„ be the expected value of y knowing 
ri, . . . , Xn- Then yn is a random variable which 
is a function of xi, . . . , Xn and the sequence 
yi, y 2 , . . . is a martingale. That is, the expeited 
value of a random variable, if one knows more and 
more, defines a sequence of random variables which 
IS a martingale. 

Processes with independent increments. Such 
a process is a continuous-parameter process with 
the property that, if < • • • < are parameter 
values, the successiyS increments 

xitz) — x(li), . . . , x(tn) —x(tf, 1 ) 

are mutually independent. If y(f) = x(t) — x(to) 
where <0 is fixed, the y(/) process is then a Marko\ 
process. Both the Poisson and the Brownian motion 
processes described above have independent incre 
ments. 

Typical results on these processes include the 
following. If such a process is properly normalized 
its sample functions do not have oscillatory discon 
tinuities. Moreover the distribution of any incre 
ment x(r) — x(s) is infinitely divisible, and there 
is a standard form for the characteristic function 
of any such distribution. See Game theory; In 
FORMATION theory; LiNEAR PROGRAMMING; Op 
ERATIONS RESEARCH. [j.L.d] 

Bibliography: M. S. Bartlett, An Introduction to 
Stochastic Processes, 1955; J. L. Doob, Stochastic 
Processes, 1953. 


Stoichiometry 

The interpretation of mass and energy relation* 
ships indicated by chemical reaction equations, n 
is also defined as those calculations used to 
the quantities of reactants and products in a che*n* 


ical reaction. 

Principles. These fall into four groups. The 
group includes the law of conservation oi msttof* 
the law of chemical combining weights, and the 




dudes heat of reaction, heat added, heat lost, and 
other energy effects associated with the reaction. 
The third group comprises the equilibrium rela- 
tionships of the system, and includes not only 
ihemiral equilibria but also physical equilibria 
iiirh as gas-liquid systems. The fourth group in- 
rhides the rate of reaction relationships of both 
chetniial changes and physical changes. 

In the chemical laboratory only the first group is 
usually considered. The sec.ond and fourth groups 
are neglected, or the reactions are forced to com- 
pletion artificially. The third group is utilized in a 
limited number of cases. The units used are grams, 
moles, milliliters, or liters. The types of calcula- 
tions inilude weight-weight, weight-volume (either 
gases or liquids), and thermal relationships. For 
an> calculation a knowledge of the reaction under 
(onsideration and a balanced reaction equation are 
netPssary. 

Weight-weight problems. In the^e, a weight of 
material given and a weight of product is de- 
sired These calculations are based on the mole ra- 
tios shown in the balanced reaction equation. 

Example 1: How many grams of calcium carbon- 
ate can be prepared from 100 grams (g) of sodium 
( arbonatc? 

CaCb 4 Na.COi = CaCOi 4- 2NaCl 

liie e(|uation indicates that 1 mole of sodium car- 
bonate will vield 1 mole of calcium carbonate. 


100 g Na 2 C 03 ^ ^ 8 CdCOi _ 

mole wl Na 2 C 03 mole wt CaCOg 

^ mole wl CdCOg 

, , CjCO, - 100 g N.^0, X - 


jrg * 100 X 


100 

106 


94.3 g 


In this example the desired weight is equal to 
the given weight multiplied by a definite number 
the ratio of molecular weights This definite num- 
ber is f ailed a factor or gravimetric factor and is 
dehned as the ratio of the molecular weight of the 
''iibsiame sought divided bv the molecular weight 
‘»f the substarice weighed in the correct propor- 
t‘<»ri The correct proportion is found from a bal- 
amed reaction equation by means of an atom 
''-huh IS common to both molecules or by follow- 
tng a series of reactions. 

Example 2: How many grams of potassium cya- 
nide are required to complex the ferric ion obtained 
^rom S g of iron as potassium ferricyanide? 

Fe 

and 4- 6KCN » K^Fe(CN)fl 4- 3K- 

The equation says that for each atomic weight (at. 

of iron, 6 moles of potassium cyanide is re- 
quired. 


g KC3Nf g Fe X 


6 mole wt KCN 


SX 


at. wt Fe 
6X65.1 
S5.Q5 


Example 3: A method for the iaolation and de* 
termination of arsenic is based on oxidation to ar» 
senate, precipitation of silver arsenate, and conver- 
sion of this to silver chloride which is weighed. If 
1.325 g of silver chloride is found, what weight of 
arsenic was present? 

As A 8 O 4 Ag 3 As 04 3AgCl 

In this case no common ion is present. However, 
arsenic which is sought is present in silver arsenate 
with silver which is weighed. Since the Ag to As 
ratio is 3:1 in silver arsenate, 3 moles of silver 
chloride would be weighed for each gram-atom 
(g-atom) of arsenic present at the beginning. 


g As 


g AgClX 


at. wt As 
3 mole wt A^l 


1.325 X 


74.91 
3 X 143.4 


0.2307 g 


Weight-volume calculations. These fall into two 

types according to whether the volume deals with 
a gas or a solution Problems dealing with gases 
are best solved in terms of molar volumes, the vol- 
ume occupied by 1 mole of gas at 0°C and 760 
millimeters pressure (standard conditions, STP). 
This volume is 22.4 liters The calculated volumes 
can be corrected to any stated conditions by use 
of the gds laws. Gravimetric factors are used as in 
weight-weight problems except that molar volume 
will replace molecular weight for one substance^. 

Example 4: How many liters of dry HCl gas at 
STP IS needed to convert 10 g of ethylamine tn 
ethvlamine hydiochloride.^ 


C2HBNH2 -f HCl 
A liters HCl 


CzHBNHaCl 


g C 2 HBNH 2 X 


molar vol HCl 
mole wt C 2 HBNH 2 


10 X 


22^ 

45.0 


5.0 liters 


Calculations for reactions involving solutions are 
worked in terms of moles also. Molarity, 3f, is de- 
fined as the number of moles of solute per liter of 
solution. Molarity can also be calculated from the 
density, grams of solute per milliliter, and the vol- 
ume in milliliters. 

Example 5: How many liters of sulfuric acid, 
density 1.84 and 96% H 2 SO 4 by weight, is needed 
to convert 75.6 g of ferric chloride to ferric sul- 
fate? 


2FeCU4-3H2S04 
X g H 2 SO 4 ■« g FeCla X 


Fe8{S04)a + 6HC1 
3 mole wt H 2 SO 4 


2 mole wt FeQa 


I^hterH2S04-^gH2S04 

^ density (g/ml) X (fraction HsSOb) 1000 igi/liter 

rr v_iL_v 

Kilter - 1.84 X 6,96 ^ ^ 

0,0386 Irtets ! ^ 


34.97 g 
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NormalHy* In quantitative analysis, volume cal* 
culations are cumbersome by the mole method. In 
order that equal volumes of equal concentration be 
chemically equivalent, a system based on equiva- 
lents is used. Normality, is defined as the num- 
ber of equivalents (equiv) of solute per liter of 
solution. From this definition the following rela- 
tionships are derived. See Concentration scales. 

^ No. of equiv No. of milliequivalents (meq) 
liter ml 

No. of equiv NX V iu«r 

gr ams Vmi X density X fracti on 
equiv wt equiv wt 

grams » NX Vutet X equiv wt - /V X Vm\ X meq wt 

These relationships are used to solve most volume 
calculations. The only quantity which varies ac- 
cording to the particular reaction is the equivalent 
weight. For acids, bases, and salts which are acidic 
or basic the equivalent weight is the number of 
grams which contain or react with 1 g-atom of re- 
placeable hydrogen. 

Example 6: What are the equivalent weights for 
example 4? 

HCl has one replaceable hydrogen ion, its mole 
wt is 35.45; C2H5NH2 combines with one its 
mole wt is 45.07 g. 

Example 7; How many grams of NaOH is re- 
quired to prepare 5 liters of 0.3 N solution? How 
many milliliters of 0.06 N H2SO4 will be neutral- 
ized by 75 ml of the NaOH solution? 

NaOH reacts with one H^ and its equiv wt is 
equal to its mole wt. 

5 liters X 0.3 equiv/liter X 40 g/cquiv * 60 g 
NaOH needed ; 

Vm\ X 0.06 N « no. of meq H2SO4 

— no. of meq NaOH — 75 X 0.3 

F. - - ^ H2SO4 solution 

Example 8: If a 2.000-g sample of dilute acetic 
acid requires 40.00 ml of 0.2250 N base for neu- 
tralization, what is the acetic acid percentage? 

j g acetic acid ^ 

% acetic acid — = — X 100 

g sample 

N X Fmi X meq wt X 100 
g sample 

CHaCOOH + OH- CHaCOO” + H3O 


tion state or apparent valence of the atom, ^ 
rules for calculating oxidation number may be 
summarized as follows. Elements have oxidation 
numbers of zero; single valent elements have an 
oxidation number of +1; oxygen is —2, except in 
peroxides in which it is --**1; the sum of oxidation 
numbers for a compound is zero; and two atoms of 
the same element attached together have a zero 
contribution. For organic compounds, only the 
atoms which change need to be considered. 

Example 9: 

K2Cr207 Cr2(S04)8 

2(-hl) + 2(-h^+7(=^ ^ 3^^ 

The oxidation state of chromium changes by 1 
units per atom, K2Cr207 has 2 Cr atoms; foi 
K2Cr207 the equiv wt is % the mole wt. 

CeHtNHOH ^ 

constant (0) + 0 -f (+1) + (-1) 

C(^NH2 

constant (0) -f (—2) + 2(4-1) 

N« — N2- 

The oxidation state of nitrogen changes by 2 unit« 
per atom; equiv wt for CoH^NHOH is % mole 

Example 10: How many grams of KMn04 ^ 
present in 1 liter of 0.1 j/V solution to be used in 
acid medium? How many grams of ferrous ion will 
be oxidized by th^ solution? 

In acid KMnOi Mn^"^, > Mn-+ the 0x1 

dation state of manganese changes by 5 units p< 
atom. 

g KMn04 « /V X ^ liter X equiv wt 
= 0.1 X 1 X 31.61 * 3.161 

Fe+^ is oxidized to Fe^^% change of 1 in ox 
dation state. 

g Fe^* * TV X Fiitoi X equiv wt 

- 0.1 X 1 X 55.85 « 5.585 

Example 13: What weight of Ti2( 804)3 is r< 
quired to reduce 25 g of nitrobenzene to aniline' 

CeHfiNOa ^ CeHjNHs 

(chftDge of 6 units per atom) 

Ti 2 (S 04 )* — ► Ti (804)2 

Ti»+-^Ti^+ 

(ohange of 1 unit per atom) 


so that equiv wt of acetic acid equals mole wt. 

60.05 100 

% acetic acid - 40.00 X 0.2250 X X -y 
- 27.02% 

For oxidation-reduction systems, the equivalent 
weight is found by dividing the mole wt of a sub- 
stance by its change in oxidation number during a 
reaction. Oxidation number is the apparent oxida- 


No. of equiv CeH6N02 « 
gC>H>N02 
mole wt CeHsNOa 
6 


No, of equiv Ti2(S04)8 

g Ti2(S04)8 
mole wt Ti2(804)8 
2 

6 ^ mole wt Ti2(S04)i 
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For precipitation and complex-formation titra- 
I tion» the equivalent weight is the number of grams 
which correspond to a single charge on the metal 
ion involved. In practice it is often the same as 
atid ha^e equivalent weight. 

Heat calculations. Occasionally the question of 
heat must be considered in laboratory work. Heat 
quantities are usually expressed in units of calories 
or kilocalories. Heat added, heat of reaction, heat 
of cooling, and heat uptake by both reactants and 
product^ must be considered. In general if there is 
; no heat loss, the total heat must remain the same. 

Industrial stolchiomatry. AH four groups of 
i principles must be used in industrial stoichiome- 
* ir> Flowing systems require the use of reaction 
rates and detailed considerations of heat losses, 
purity of materials, effects of catalysts, and side 
reactions. For example, the complete analysis of a 
plant engaged in the manufacture of sulfuiK acid, 
starting with iron pyrites as the source of sulfur, 
!«. a time-consuming task. However, modern chemi- 
cal industry is based on these detailed ronsidera- 
turns See CoNffNiRAiiON s( alls; Molar \oiiiMh; 
OxiDMION RFDIK IION; ThI* RMOf HI- MISTRY. 

[K.G.S.I 

Bthliography: L. F. Hamilton and S. C. Simp- 
son Calf Illations of Analytical Chemistry^ Sth ed , 
W K Lewis, A H. Radasch, and H. C Lewis. 
Industrial Stoit hiometry, 2d ed., 1954. 

stoker 

Vfet hanu al means for handling coal into a furnace 
Stokers aie of three basic types. In moving grate 
stokers the grate on which the coal burns carries 



pdndpaf typ«i bf stoken. (u) Moving grotf. (b) Sproodei 


the coal by continuous or reciprocating motion 
from a hopper into the furnace. Such stokers also 
move the ash out of the furnace. In spreader stokers 
the coal is mechanically or pneumatically distrib- 
uted from the front furnace wall onto the grate. 
The grate usually moves to dispose of the ash after 
combustion. In underfeed stokers used in small 
furnaces, the stoker, usually a screw conveyor, 
forces fresh coal up under the burning coal; the 
ash is, in turn, forced off peripherally to the ash pit 
around the edge of the retort, or removed by hand. 
See Furnace (steam generating). fR.M.H.] 

Stokes stream function 

A degenerate (one-component) vector potential 
used in analyzing and describing axially symmetric 
fluid-flow fields. In a steady axially symmetric flow, 
the rotation of a streamline about the axis of 
symmetry generates a stream surface. A certain 
mass rate of flow exists inside this stream surface 
which is the same at every axial station, because, 
by definition, there is no flow through the stream 
surface. The value of the Stokes stream function 
^ at a point in the flow is equal to l/27r times 
mass rate of flow inside the stream surface passing 
through that point. If r is the radial coordinate 
of a point, and x the axial coordinate, then 
^ = ^(T,r) = constant is the equation of a stream 
surface as illustrated. At a station where x = con- 
stant. the differential amount of mass flow between 
two stream surfaces with radial distance dr be- 
tween them and of density p is 

d\lf 

2t « 27r ■— rfr « (27rr dr)pi'x 
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Section of axially symmetric fluid-flow field 


Similarly on an r » constant cylinder, the mass flow 
between two stream-surfaces with axial distance dx 
between them is 

ddf 

2ir « 27r ^ — — (2vr dx)pi r 

ox 

Thus the radial and axial velocity components at 
any point are 


11# 11# 

tv » - - 3 - - n 

p r ax p r dr 

where p is fluid density. If the fluid motion is slow 
enough to neglect compressibility, p » constant 
and may be dropped from the above relations; ^ 
then measures the volume rate of flow inside a 
stream surface. See Fluid-flow principi es. 

[a.E.BR.I 


Stokes' theorem 

llie assertion under certain light restrictions that the 
surface integral of (V x S) • v over a surface patch S 
is equal to the line integral of ^ t taken around C, 
the boundary curve of 5, provided the sense of tran- 
scription of C is right-handed relative to v. In symbols 

//(V x3). vdS- /g •T* 

Here 3 is a vector function, v is one of tlie two unit 
normals to the two-sided surface 5, s is arc length 
measured positively in the sense which is right-handed 
relative to v, and x is the unit tangent vector to C 
in the sense of increasing 5 . If r is the radius vector 

OP and T « x{s) is the vi^ctor equation of C then 
t « dx/ds. Further^ if t » is the equation of 
S, » dt/duy t% » dt/de, and t| X ti 0 (by as- 
sumption), then the vector v de^ed by ti X ta / 


|ti X r 2 | is a unit normal. The transcription 
AuT^ Av^ of a ii, e-mesh is right-handed relative 
to ri X t 2 . 

By way of illustration, let S be the points of 
plane 

r - -h yi 

where a x, e y, and the points S are either on 
the circle 

r « a[cos (s/a)\ + sin {s/a)i] 
or in its interior. Let 

v-rixr 2 -ixi-f 3 - H(-yx + xj) 
then VxJ— I vxJ5*v*f»f»l 
and //V X 3 • V dS ira* 

Also dx/ds * T — —sin (s/o)^^ cos (s/a)l 
and on C 3 * {s/a)x + Ha, cos (s/o)l 

and 3 • ^ " Ha 

Consequently 

/3 • ^ ds “ Ka2ira * rra* //V x 3 • v dS 
.See Calculus of vectors. [h.v c i 

Stolonifera 

An order of the Alcyonaria which lacks coenen 
chyme. They form either simple (Cornularia) or 
rather complex colonies (Tubipora) , The polyp 
has a cylindrical body with a retractile oral portion 
which can withdraw into a solid anthostele or calja 
protected by many calcareous spic ules. Cornulann 
with a horny investment, lacks spicules. The base of 
the mature pol)^ is attached to a creeping stolon 
which IS a ribbdnlike network or thin flat mat from 
which daughter polyps arise. Daughter polyp** 
never bud from the wall of the primary polyp. Ea<h 
polyp is connected by solenial tubes of the stolons 
or by transverse platforms as in Tubipora, 

The Stolonifera includes Clavularia, Cornulam, 
and Tubipora, The last is the organ-pipe coral with 
a dull red color, often discovered on coral reef** 
The stolons are transformed into skeletal tubes bv 



StolonifsrQ. (a) Cfarvuiwrlo gaeekm (ofttr Y. 

(b) Skeleton of Tubipona ^ ^ 
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fuhioB of tfao spicules. These tubes are united by 
transverse stolons or solid platforms at several 
IfveU See Alcyonama. [k.a.1 


Stomach 

Ihf tubular or saccular abdominal organ of the 
[iigestivc system adapted for temporary food stor- 
age and preliminary stages of food breakdown. 

In lower vertebrates, such as fishes and amphib- 
ian*^ the stomach is little more than a simple tube 
quite similar to other portions of the gastrointes- 
indl tra( t Small pockets, or diverticula, first appear 
m the reptiles. See Gastrointestinal tract. 

In birds the stomach consists of a proventriculiis 
and a gi/zard The former is well supplied with 
glands which secrete softening and digestive ma- 
terials, the latter is a strong muscular grinding 
organ whose action is often enhanced by the inges- 


tion of small stones 

Mammals have stomachs which vary considerably 
in structure, according to the class or order Al- 
thfHJgh a single chamber is most common, some 
mammals such as the ungulates, have as many as 
four These may have developed either from modi- 
fi< dtions of the lower portions of the esophagus or 
fiom alterations of the stomach itself 
I he human stomach is located beneath the dia- 
phragm through which the lower, terminal end of 
thf eso[>hagiis passes The stomach appears as a 
dilated tube continuous with the distal end of the 
esophagus Tlie upper curvature of the stomach is 
iisuallv above and to the left of the esophageal 
oiifice This expanded upper portion is the fundus 
end IS (ommonlv filled with air or gas The body 
l(»ipus) of the stomach is directed toward the at 
fenudted right extremity or pyloric region and is 
Mihjprt to variations in size and shape depending 
upon functional activities, habits, disease, and vol- 
iinir of the contents The pyloric walls are marked 
h\ the heavy sphincter muscle which controls the 
passage of chyme into the duodenum 
The stomach is lined with a mucous membrane 
that IS usually thrown into longitudinal folds called 
rugae Most of the surface is covered with mucus- 
''Ccreting epithelial cells but scattered throughout 
ihe lining are many small glandular pits which are 
lined with one or more types of sec reting cells 
In the cardiac and pyloric areas, the glands are 
primarily mucus-secreting. In the fundus and body 
of the stomach, however, the mucems cells occupy 
only the narrow neck of each gland. The lower 
portion of the gland tubules is lined with chief 
I ells which secrete zymogenic precursors, notably 
Pepsinogen Scattered among the chief cells are 
ne parietal, or border, cells which elaborate the 
hydrochloric acid and water of the stomach. 

These glands may be activated directly by the 
presence of food, through stimulation by various 
h^'rves, or by stimulation from hormones released 

“h'aer both physiological and pathological condi^ 

uons 

Three other layers are present in the Btomach in 
I «iioii to the mucosa. The submucoea eonwte 
« thin layer of loose eomiecitive tissue which Ues 


opSfilner of 



Semidiagrammatic view of a portion of the gastric 
mucosa showing gastric glands (From A A. Moximow 
and W Bloom, A Textbook of Histology, 6th ed,, 
Saunders, 1952) 

between the mucosa and the muscular layer. The 
latter is composed of three sets of muscles, an outer 
longitudinal, a middle circular, and an inner ob- 
lique Surrounding the stomach and holding it and 
Its vessels and nerves in place is the external serous 
layer whirh represents reflected peritoneum. 

The stomach temporarily holds food that is un 
del going the mechanical and chemical changes of 
preliminary digestion A semiliquid fluid called 
chyme is the product of this action and is passed 
into the duodenum in small spurts which occur at 
frequent intervals until the stomach is emptied. 
See DiCEbTivt system [E.c.sr] 

stomach disorders 

These include congenital defects, inflammations, 
tumors, and reactions to toxic materials and for- 
eign bodies, as well as minor nonspecific com- 
plaints such as indigestion 

Congenital defects are infrequent The most 
common lit |)yloric stenosis of infants in which the 
bulblike, muscular pylorus is abnormally small and 
cqnstricted. thus impeding the passage of food into 
tKe first part of the intestine, the duodenum. Oc- 
casionally, the stomach and other organs herniate 
into the chest cavities as a result of failure of for- 
mation of the diaphragm. Hiatus hernia, a similar 
defect found in later life, is thought to result either 
from congenital weakness or excessive strain. 

Inflaifimations vary from transient indigestion to 
full-blovm hemorrhagic gastritis. Acute gastritis 
may follow dietary indiscretions or the ingestion of 
alroho}. s|dces, acids, and many toxic substances, 
including those encountered in food poisoning. 
Changes in the mucosal Uniog range from )alight 
congestion and edema to extensive nlooratien wRh 
massive heotioitlkage. ^ 

CSironio gasitritis is foimd in assodwtioa ndtli a 
liuxinken (atfoplue) mpfiosa and is most oliQti 
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seen in pernicious an^ia and in aged patients. 
Low acid production is found on gastric analysis. 
Another poorly understood form of chronic inflam- 
mation is hypertrophic gastritis in which the 
mucosa becomes thickened, granular, and velvety, 
and shows accentuated folds. Hyperacidity is pres- 
ent and may well account for most symptoms. 

Gastric ulcers are the basis for a large percent- 
age of stomach complaints and may be acute or 
chronic. See Peptic ulcer. 

Over two-thirds of all stomach tumors are carci- 
nomas and account for one of the highest inci- 
dences of human malignancy, especially in men 
since they are affected twice as often as women. 
Carcinoma occurs most frequently in persons over 
40 years of age. Atrophic gastritis and polyps are 
thought to be related, or at least appear to be 
predisposing diseases. One-half of stomach cancers 
are found in the lower stomach (the prepyloric and 
pyloric regions) and three general types are recog- 
nized. based on gross appearances, the ulcerative, 
the polypoid (or fungating), and the diffuse. 
Gastric carcinoma may lead to many complications, 
notably obstruction, hemorrhage, nutritional de- 
rangement, and prolonged vomiting with resulting 
dehydration and alkalosis. Perforation into the 
abdominal cavity is not uncommon and extension 
of the malignancy to adjacent and distant organs 
is the rule if diagnosis and surgical intervention 
are delayed. See Oncology. 

Other malignancies of the stomach include leu- 
kemic and lymphoma infiltrations and sarcoma. 
Spread of cancer from other primary sites to the 
stomach is seldom seen. 

Benign tumors are uncommon, but myomas, 
neuromas, and polyps have the highest incidence. 

Foreign bodies in the stomach are legion in num- 
bers and variety. In most cases, small objects pass 
through to the bowel; large objects are retained, 
usually as chronically irritating masses; sharp 
objects may lacerate or even perforate the stomach 
wall. Bezoars are conglomerations of foreign ma- 
terial, often hair, which accumulate in the stomach 
and sometimes reach immense size. 

Gastric hemorrhage and gastric obstruction are 
the two most common and serious complications of 
many stomach disorders. See Stomach, [e.c.st.] 

Stomatopoda 

The only order of the superorder Hoplocarida be- 
longing to the subclass Malacostraca of the class 
Crustacea. This order of the mantis shrimps con- 
tains a single family, the Squillidae with 8 genera 
(Sguilla^ Pseudosguilla^ Hemisgtdlla, LysiosguUla^ 
Coronida, Coronidopsis, Odontodactylus^ ^nd Gon- 
odactylus), and almost 200 known species. Both 
the Decapode and the Stomatopoda are among the 
larger Crustacea. The siae of adult Stomatopoda 
ranges from about 20 mm, in aome Gonodactylus 
species to over 300 mm, in some species of Sguilla 
and LysUngmlla. 

Itor p lwlcgy^ The bodies of stomatopods are nar- 
row And elongate, almoat eruciform. Only part of 
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the cephalic and thoracic somites are fuaef and 
covered by the dorsal shield, the carapace, 
cephalic somites which bear the antennulae and 
the eyes are free and visible anterior to the cara- 
pace, and the last four thoracic somites are simi. 
larly exposed. Consequently there are 10 visible 
somites, 4 thoracic and 6 abdominal, between the 
carapace and the tail fan. The latter consists of a 
well-developed, sometimes peculiarly sculptured or 
deformed median plate, the telson, and the two 
uropods. Anteriorly, the carapace bears a flattened 
movable plate, the rostrum. The eyes are large, 
stalked, and movable. The antennulae have a S-seg 
mented stalk and three flagella, the antennae a 
2-8egmented stalk which bears a single flagellum 
and a large oval scale. The nfl^uthparts consist of 
(1) a pair of mandibles which are strongly calci 
fled and sometimes carry a palp, (2) a pair of 
maxiliulae, small flattened organs formed by two 
segments and a small palp, and (3) a pair of max 
illae, which are also flattened plates, but much 
larger and consisting of four segments. Of eight 
pairs of thoracic appendages the first is narrow 
slender, and hairy, probably being used for clean 
ing purposes. The second thoracic leg is ven 
strong and heavy. It has become a large raptorial 
claw, the distal segment of which folds back 
against the penultimate as does the blade of a pen 
knife. This claw shows a great resemblance to thai 
of the praying mantis and for this reason the Sto 
matopoda are given the name mantis shrimps. The 
Stomatopoda cateh their prey with their raptorwl 
claws. In several species the last segment of the 
claw bears teeth on the inner margin, and the op 
posite margin of the penultimate segment often 
possesses fixed and movable spines, which evi 
dently serve to make a better hold on the prey. The 
third to fifth thoracic legs are shorter and more 
slender than the second. They end in short, more or 
less oval chelae which are similar to that of the 
raptorial claw. These legs are used for cutting up 
the food and for bringing it to the mouth. No ex 
opodites occur on the first five pairs of thoracu 
legs, which may, however, carry a roundish A** 
epipodite at their base. The last three pairs of 
thoracic legs (sixth to eighth) are walking leg*^ 
They are elongate and have no chelae. They do not 
bear epipodites, but are biramous by the presence 
of exopodites. In the males a long slender peni$ 
found on the inner side of the base of either of the 
legs of the last pair. 

Each of the first five abdominal somites bears a 
a pair of pleopods which consist of a peduncular 
segment and two flattened blades, the exo- and an 
dopod. The outer blade or exopod bears a gill- Tb^ 
endopods of the first two pairs of pleopods of the 
male are transformed to a copulatory orgaoi the 
petasma. The appendages of the sixth abdominv 
somite, the uropods, consist of a peduncular seg 
roent on which are implanted a 2-8egmented exo- 
pod and an eitdopod which consists of a sin^e acg 
ment; furthermore, the peduncular segment 
a forked ventral process. 
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Schematic lateral view of a stomatopod 


; Distribution. The Stomatopoda are marine ani- 
bials rarely found in brackish water. Most of the 
Impedes are confined to tropical and subtropical 
iireas, though some occur in the boreal and anti- 
boreal regions The majority of stomatopods live 
in the littoral and sublittoral zones, but a few spe- 
:ies have been found in greater depths, down to 
?60 meters 

Habitats. Most of the adult mantis shrimps are 
mrroMing forms Many species of Squilla and 
'.ystosquilla dig their burrows in a bottom of sand 
>r ‘iandy mud. Species of Gonodactylus have been 
observed to live in holes in coral reefs. 

Reproduction. After oviposition. the females 
Jdirv ihe egg mass between the anterior thoracic 
egs until the larvae hatch. The larvae differ con- 
iderahly from the adults and are pelagic. They 
)ass through a number of pelagic stages before 
tdrting their bottom-dwelling life. The difference 
let ween the larvae and the adults is so strong that 
be larvae formerly have been described as distinct 
pecies and genera such as Alima^ Erichthus and 
»ther^. At present the identity of these “larval gen- 
ra ’ with the genera as represented by the adults 
uch as Squilla^ Lysiosquilla^ and others has been 
published in practically all instances, but most of 
“larval species” have not yet been matched 
^tth the corresponding adult forms. 

Physiology. Species of Squillq produce a stridu- 
Uing sound by rubbing the uropods over the lower 
arface of the telson. Gonodactylus can make a 
i^apping sound with the raptorial claws. 

Stomatopoda ute carnivorous and feed 
*®lnly on other crustaceans and fish, which they 
Itch by a very fast movement of their raptorial 
Mollusks and other invertebrates arc also 
The stomatopod larvae also feed on living 
largely small crustaceans. 

. ^homlc importanoa. The Stomatopoda are in- 
Snificant from an economic point of view.. In some 
the larger species of SquiUa and tyaio- 


squilla are eaten, but as a rule they are not highly 
esteemed. 

Fossils. The oldest fossil form which is recog- 
nized with certainty as a stomatopod dates from 
the Jurassic. Fossil stomatopods are rare. See 
MaLACOSTRACA. I L.B.H.] 

Stone and stone products 

The term stone is applied to small fragments of 
rock and particularly to blocks or pieces of rock 
which are broken for use. Certain geological and 
physical properties are essential if rock is to be 
used for commercial stone. Generally a descriptive 
term, naming its specific use or property, accom- 
panies the word stone, as for example, building, 
roofing, crushed, or precious stone. See Gem , 
Rock. 

Dimension stone. The term dimension stone is 
applied to blocks of specified sizes, shapes, and 
surface finishes in contrast to the irregular frag- 
mentary form of crushed stone. Dimension stones 
are chiefly rectangular but may be in the form of 
columns or spindles. Some dimension stones are 
carved into .statuary or various structural and or- 
namental forms. 

Varieties used. Granites, limestones, sandstones, 
and marbles are widely used as dimension stone. 
Basalts, diabases, and other dark igneous rocks are 
employed less extensively. Soapstone is used to 
some extent. 

Requisite qualities. Only a mere fraction of the 
rock occurrences on the face of the earth have the 
exacting Requisite qualities deknanded for dimen<^ 
sion-stone uses. Stones may be sized, shaped, 
carved, or polished, but their inherent properties 
cannot be changed. Obtaining stones of proper 
color, texture, or composition is purely a matter of 
selection. The stone mas( be obtainable in large, 
sound blocks, free from incipient cracks, spams, 
disfiguring ^blemishes, apd mineral graii&a that 
might cause stains as a result of weatheriiig* It 



























must have an attraetiva color, and generally a uni- 
form texture, although clouded or banded stones 
may be preferred at times. Favorable acceptance 
by builders and architects is a requisite for suc- 
cessful development of a dimension-stone enter- 
prise. 

Use 9 . The principal uses of dimension stone 
are for building and ornamental applications. 
Years ago, solid stone walls of buildings were com- 
mon, but since the advent of reinforced concrete 
for faring walls, stone has been used as a veneer 
only. It may be used for entire exteriors or for base 
courses, sills, caps, or trim of buildings made of 
brick, wood, or other materials. It furnishes a per- 
manent finish of architectural dignity and mini- 
mum upkeep. The more ornamental types of mar- 
bles — onyx marbles, travertine, colored limestones 
and sandstones, and polished granites — are em- 
ployed extensively in the interiors of public build- 
ings for paneling, wainscoting, floor file, stair 
treads, columns, spindles, and other structural and 
decorative units. 

Another important use is for memorials, ranging 
from simple markers and headstones to elaborate 
monuments and mausoleums. Marbles and granites 
that normally take a good polish are the stones 
used most extensively for memorials. Dimension 
stone is prepared for its many structural and orna- 
mental uses in mills equipped with gang saws, 
diamond saws, planers, rubbing beds, turning 
lathes, polishing machines, and other equipment 
similar in some respects to that found in metal- 
and wood-working shops. 

Stone used for flagging consists of thin slabs 
that may be rectangular or irregular in shape. The 
stones most commonly used are thin-bedded sand- 
stones and quartzites that have closely spaced nat- 
ural partings, and slates that split readily into thin 
slabs. Flagging is used for stepping stones, walk- 
ways, and terraces, and for flooring patios and 
porches. Attractive patterns may be made by com- 
bining stones of different colors. 

The manufacture of curbstones for use along 
streets and highways was an important outlet for 
granites, quartzites, and the harder sandstones 
many years ago. but concrete has replaced them 
extensively. Because of their high resistance to 
the chemical action of de-icing compounds, the 
natural stones are preferred in many northern lo- 
calities. 

Sandstones were formerly widely used for abra- 
' sive purposes. Pulpstones, grindstones, whetstones, 
and similar products made of sandstone have, 
however, been replaced extensively by synthetic 
abrasives. Quartzite is still used as an abrasive 
in the manfifacture of liners and balls for tube 
and ball mills employed to grind mineral products 
into fine powders. Because of their high melting 
point (about 3900*’F) sandstone blocks known as 
firestones are used for metallurgical furnace lin- 
ings. 

Crai|l|es and diabases are used for making spe- 
dsl plates wtth true, imifotin surfaces (surface 
plates) for the prSeiae testing of instruments. 


Soapstone is used for building purposet^ fo 
acidproof laboratory equipment, for laundry tuia 
and aquarluips, and for chemical-tank linings, The 
harder varieties are employed for floor tile and 
stair treads. See Talc. 

Slate (roofing atona). Commercial slate must be 
uniform in quality and texture, reasonably free 
from knots, streaks, or other imperfections, and 
have good splitting properties. See Slate. 

Roofing slates are important products of most 
slate quarries. However, the roofing-slate industry 
has declined considerably because of competition 
from other types of roofing. Slate is also used for 
milled products such as blackboards, electrical 
panels, window and door sUls and caps, base 
boards, stair treads, and floor me. Laboratory table 
tops, sinks. And surface plates are also made of 
slate. Slates can be split into sheets of any desired 
thickness whereas other varieties of stone except 
flagging are cut into thin slabs by sawing. 

Crushed and broken stone. All the principal 
types of stone — granite, diabase, basalt, limestone 
dolomite, sandstone, and marble (except schist and 
slate) — ^may be used as sources of commercial 
crushed stone. Limestone is by far the most in 
portant; it constitutes about 75% of ail the 
crushed stone sold. 

Requisite qualities. Sound, hard stone, free from 
surface alteration by weathering, is demanded 
Stone which breaks in chunky, more or less cubical 
fragments is preferred. Flat or splintery fragment^ 
like those obta^ed from schists or slates are un 
desirable, and such rocks are used sparingly if at 
all for crusher products. (Commercial stone should 
be free from certain deleterious impurities, such 
as opalescent quartz, which may react with line 
in cement and cause disintegration of concrete in 
which the stone may be used as aggregate. Crushed 
stone should be free from associated clay or silt 
It is sometimes cleaned by washing. 

Uses, Large blocks or irregular masses of stone | 
known as riprap are used widely for shore protec 
tion along rivers and harbors or to make spillvray* 
at dams. Waste blocks Cirom dimension-stone quai 
ries are commonly so used. Stone also is crus 
and pulverized for many uses. Annually, the 
amount of stone used in crushed form now exceeds 
that used as dimension stone. 

Crushed stone. Many itdllione of tons of stone 
are crushed and screened, chiefly in sizes ranginl 
from ^ to 3 in. and are used in various branches 
of the construction industries. The preparation td 
crushed stone involves blasting rock ledges 
high explosives and loading the fragmepts 
cars or trucks for haulage to massive eroshot* 
that reduce the blocks to smaller sizes. SmaM 
crushers are used for furdier reduction, and ^ 
fragments are classified according to ^ 
screening. See Quarrying. 

The principal uses are as concrete ^ 

road stone, or as railway baDast An<4W 
tant use for limesltme is as A fittxbi||L 
remove impurities from ores smdtedS i 
cal furnaces. Dolomite, eiAea^ in 




cakmed at a Hgh temperatura (dead-burned), b 
as a refractory {<« furnace linings. limestone 
18 also used very extensively in such chemical and 
processing industries as alkali, calcium carbide, 
glass, paper, paint, and sugar manufacture. It is 
also used for filter beds and for making mineral 
wool Stone chips are used for terrazzo flooring and 
4tucco, and granular material for poultry grit. See 
Concrete; Refractory. 

Pulverized stone. Large quantities of stone, prin- 
cipally limestone, are pulverized and sold as fine 
powders. An important use for ground limestone is 
for liming land to improve its condition and reduce 
acidity It is also used as a filler in stock food, fer- 
tilizers, paints, road asphalt mixtures, and roofing 
mastic White stone powders are used for coal-mine 
dusting to prevent explosions. Limestone reduced 
to an impalpable dust is used as a whiting substi- 
tute in putty, calcimine, floor coverings, tooth 
paste potterv, plastics, explosives, and numerous 
other products. 

Raw material for special uses. Limestone is the 
principal raw material used in making portland 
(cmenl a product that has attained an annual value 
in the United States exceeding $900,000,000. Ce- 
rntnt has a multitude of uses, particularly in the 
huildmg trades and in highway and engineering 
(onstriKtion SeeCtMFNT 

1 imestone is the sole raw material used in mak- 
ing lime I ime manufacture is a calcining (heat- 
trearing) process during which the carbon dioxide 
IS driven from the calcium carbonate (limestone), 
leaving the calcium oxide (lime). Lime is used ex- 
tensively in agriculture for soil amendment and in 
the building trades for making plaster and mortar 
I building lime), but its principal use is in a great 
variety of chemical and industrial processes such 
as water purification, sewage treatment, road sta- 
bilization, salt and petroleum refining, and in the 
manufariure of paper, sugar, glass, rubber, food 
products, glue, soap, and many other products. 
Ve 1 IMF (industrial). 

For a discussion of the compressive (crushing) 
strength of rocks see Engineering geology. 

[o.b] 

St6ne fly 

Any member of the insect order Plecoptera, The 
Plecoptera are characterized by two pairs of mem- 
branous, net-veined wings, the hind pair much 
Jarger than the front pair, folded in plaits and 
jyiftg flat on the back when at rest; two pairs of 
i^^ng abdominal cerci; long antennae; incomplete 
nietamorphosis; and chewing mouthparts, usually 
jestigial but sometimes well-developed. These drab, 
^ehle fliers are seldom found far from water. The 
^ymphs resemble the young of damsel flies, but 
I avc two cerci rather ^an three tracheal gills at 
P e end of the abdomen. Most stone flies do not eat 
p adults since they mate and die soon after emer- 
nymphs develop In 1-2 years, usually 
I «^nt, flowing streams with w«iH-aeratc«l water. 

ISOOapedes, 300 of which occur in 
I *^“^*®‘®rlca.Tlicy are pf some value as 





The stone fly, Perla sp (From E L Falmor, Fieldbook 
of Natural History, McGrow-Hi//, 1949) 

See Plecoptera; see also Fresh-water ecosys- 
tem; Insecta. [j.d.b.] 

Storage battery 

An assembly of identical voltaic cells in which the 
electrochemical action is reversible so that the 
battery may be recharged by passing a current 
through the cells in the opposite direction to that 
of discharge While many nonstorage batteries 
have a reversible process, only those that are eco- 
nomically rechargeable are classified as storage 
batteries See Baiiery (electric) ; Primary bat- 

TIRY 

Storage batteries, sometimes known as electric 
accumulators or secondary batteries, have two 
general classifications, lead-acid and nickel-alka-^ 
line Active materials and electrolytes for both 
classes of batteries will be explained in subsequent 
paragraphs. 

Storage batteries are used for diesel-engine and 
gasoline-engine starting, for standby in areas 
served by dc power, for circuit-breaker closing 
and tripping, and in marine power systems, raHway- 
car lighting, telegraph arid telephone services, 
emergency lighting and power services, photo- 
graphic and sound services, farm lighting, vehicle 

prqpulsion, and in many military applications. 

* 

LEAD-ACIO SrORAQE BATTERY 

The lead-acid type atorage battery i» so claasi- 
fied because the electrolyte is An acid and the^ 
plates are largely lead. Active nateriala for the^ 
positive electrodes, or plates, are lead, lead'Anti- 
mony, or lead-calciimi, depending on tbe eerviee ey 
application. Negative plate* uaually have a lead 
paste with an inert RMterial added and are dwia 
somewhat different in ooin|>oakien iron the posh 
tive plates. 

The electrolyte is aid^iiric aeid dihitedi widb 
water. Spoeiiic gravity (sp $t} at fdl iduige h 
between 14KXlaiid LSOfflor new eefls or tMEiNdieat 
1.20(1-1.219 tbr MiMeidbetttBre iotittfdmh 
1.220 far atatiomtry bf^eriea, 1.1^ Mm 



and iliduatrial Irucks, locomotives, and automo- 
biles, and 1.9KK) for special applications. Ordinarily 
1.180 is an indication that the battery requires re- 
charging. Specific gravity is measured by a hy- 
drometer. See Hydrometer. 

The lead-acid battery maintains a preeminent 
place among all commercial types of storage bat- 
teries in volume of manufacture. 

Prlnciplii of operation. A great many types of 
lead-acid cells are produced, but all have certain 
features in common. One is the open-circuit cell 
electromotive force (emf), which exists between a 
positive lead peroxide (Pb 02 ) electrode and a 
negative ^sponge lead (Pb) electrode when the 
two are dipped into sulfuric acid electrolyte 
(H 2 SO 1 + H 2 O). This value is independent of the 
quantities of lead peroxide, lead, or electrolyte but 
does vary with temperature and sulfuric acid 
(H 2 SO 4 ) concentration. At 25 ®C the emf vanes 
from 2.050 volts with acid at 1 200 sp gr to 2 148 
volts with acid at 1.300 sp gr. The relatively small 
variation with temperature is given in millivolts 
per over a range 0“40®C, as 0.30 for 1 200-sp gr 
electrolyte, 0.22 for 1.250 sp gr, 0 19 for 1 280 sp gr, 
and 0.18 for 1.300 sp gr. 

The reversible equation below represents the cell 
reactions in so far as beginning and end materials 
are concerned. It is known as the double sulfate 
theory, since lead sulfate (PbS 04 ) is formed at 
both electrodes 


PbO» + Pb + 2H,S04 2PbS04 + 2 H 2 O 

Charge 

The above can be split into two equations in 
dicating the reactions at the two electrodes. 

^ Discharge 

PbOs + H 2 + HaS 04 . ■ — 

Charge 

PbS04 -h 2H2O (at positive) ( 2 ) 

l^iflc harac 

Pb + SO 4 ^ PbS 04 (at negative) (3) 


The above equations satisfy the amounts of 
reactants involved but do not indicate the ionization 
and intermediate steps. On discharge the over all 
effect is a reduction of PbO^ at the positive elec 
trode and an oxidation of Pb at the negative elec- 
trode, accompanied by sulfation in both cases In 
charging, a counter voltage is imposed on the cell 
terminals, and current is forced through the cell in 
a direction opposite to that in which the cell dis- 
charges. This reverses the ionic movements in rela- 
tion to the electrodes and, in effect, reverses the cell 
reactions. On discharge the electrolyte specific 
gravity decreases, and on charge it increases. Spe- 
cific gravity serves as an index of state of charge 
ilMCtantS. For a given quantity of electricity, 
aucb as ampere-hours, the three reactants PbOj, 
Pb, and H2l^4 take part in the reaction in amounts 
governed by Faraday’s law. Thus, for a 1 ampere- 
hour disdharge, 3.8M grams (g) of sponge lead 
ia converted to PhSO^, 4.463 g PbOg is converted to 
PhSOif and 3.660 g of H 8 SO 4 is consumed. 


A cell constructed to contain exactly die i 
of reactants given above, however, would nm ^ 

1 ampere-hour of capacity even under 
conditions. Action at each electrode is sloivid 
drasticaUy when the concentration of H 2 SO 4 hi 
the electrolyte approaches a low figure. This b 
particularly true of the positive plate where, as cm 
be observed from Eqs. (2) and (3), there must be 
excess acid present around the electrode to coo* 
summate the reaction. The final consumption o{ 
SO 4 by the positive plate, however, is no more 
than that consumed by the negative electrode. But 
even if ample H 2 SO 4 were present, 1 ampere-hour 
of capacity still would not be attained, since there 
will always remain an appreciable amount of 
Pb 02 or Pb, or both, which cannot be reached by 
the electrolyte. The capacity attained in relation to 
what should be obtained theoretwally from the 
amount of reactants present is known as the utiliza 
tion coefficient. This coefficient varies with types of 
cells, rate of discharge, and temperature Unfortu 



volts per cell 


F19. 1 Typicol volt-time charocterUtia ^ 
acid cell for various dischoroe rates. (Bedrte 
Battery Co.) 




capocity amp«re houri p«r poiitiva plats 

Fig 2 Rated-discharge characteristics for a lead-acid 
cell (Elecfrtc Storage Battery Co.) 


ndtp|\. It is a low value even under best conditions. 

[n addition, there are circumstances which pre- 
vent full utilization of the active materials as the 
tliMhar^e progresses. One of these is the (oaling of 
noiuonducting sulfate that forms on the active 
mateiidls Another is the diminishing conductivity 
of the Hecfrolyte as the H^SOj content decieases. 
V thud IS the decrease in porosity as suliale forms 
in the fiores of the materials, in turn impeding 
(lifTiision of HjSOj. This latter effect is particu- 
IdiK set ions at high-current rates, since at higher 
nil rent densities the tendency to concentrate reac- 
tion at the surface of the plates is greater. As a 
rn'ult. the pore openings at the plate surfaces be- 
tonip blc»cked with sulfate, restricting conduction 
dtid diffusion to the interiors of plates Plates 
destined for high-discharge current densities are 
therefore made relatively thin. By substituting 
many thin plates for a few thick plates containing 
t e same amounts of active materials, the utiliza- 
tion coefficient at high rates, and hence the rapacity 
attaiiidkle, will be increased. 

Jigure 1 shows a typical set of volt-lime curves 
«r a lead-acid cell, illustrating the variations from 
» “hour rate at high discharge current to a 10-hour 
th discharge current. Figure 2 illustrates 

fcrease in ampere-hour capacity with increase 
discharge current. 

hi K * diffusion is allowed after a 

pjn *^'*^*' discharge, more of the unused possible^ 
Pacity of the cell will be made available, 

cam. • has an appreciable effect on 

because the viscosity of the plec- 

retarJj diffusion of HsSOd is 

'««rded at low temperatures. 


fiteMUNi hiitlomi ygg 
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As already pointed out, there is a minimum acid 
concentration permissible for completion of reac- 
tions. Also, experience has shown that negative 
plates do not function well if the full-charge spe- 
cific gravity is over 1.300, although positive plates 
operate more efficiently in high specific gravity. 
The usual range of full-charge specific gravity is 
1.200-1.280, the choice depending on the applica- 
tion of the cell, the ambient operating temperature, 
and susceptibility of the cell to self-discharge. 

Cell construction. Aside from cost, first consid- 
eration must be given to the kind of service for 
which a cell is destined, second consideration to 
design features that eliminate operational trou- 
bles. A compromise, such as between life and 
weight or life and cost, is usually required. 

Pasted plates. In the most familiar type of plate 
construction, a grid, such as the ladder type illus- 
trated in Fig. 3, is pasted with a lead oxide, acid, 
and water mix. This is followed by a processing 
which finally converts the active material to Pb 02 
for positive plates (chocolate-brown color) and to 
sponge lead for negative plates (grev color). 

Negative plates are always of this type when 
ii'^ed with pasted positive plates or positive plates 
of other types. If the plates are destined for high- 
rate discharges, as for diesel-engine starting, they 
will be thin; if for low-rate cycling service, their 
thickness will probably be intermediate; if for 
stationary service, such as standby or with only 
occasional discharge, the plates will be thick; if 
for signal or alarm seivice and where charging is 
done only at lung intervals, they will be very thick 
and have lead or lead-calcium grids. 

Mam heater plate. These plates consist of a heavy 
alloy grid with circular openings into which pure 
lead “buttons” are pressed. These buttons are 
made from lead tape by crimping and rolling to 
develop a large surface area (see Fig. 4), A form- 
ing agent in dilute sulfuric acid electrochemically 
forms a layer of PbOj on the surface of the button. 
Manchester plates are usually mounted in a cell 
with pasted negatives and in a relatively large 
quantity of low-gravity acid. 

The cells are heavy and bulky. They are used in 
stationary installations, as for telephones, switch 



Fig. 3. Ty|»icttl lodtler-iyga grid skewing g porfiog 
It posted. (C/edrI® Sforog# Mfsvy Co.) 


m 

emergency lighting^ where 
tl^ ere *^fl«gted** em a Uoe ef oonatant voltage or 
tiiclEJe-diafgip^ with a constant current and are 
only oeeaaioarally discharged* In such serviee Man- 
chester jflatee give exceptionally long life. 

C0fdd $pm plates. This type of positive plate, 
showii in Fig. 5, is manufactured from heavy sheet 
lead hy passing the plate between disks which 
cause the lead to flow in between them to form 
leaves and spaces. After Pb02 is formed on this 
developed surface, the plates are assembled with 
pasted negative plates and used in substantially the 
same types of service as Manchester plates. An ad- 
vantage of this plate Is elimination of antimony, 
hence local action, from the cell construction. This 
advantage is usually gained at some sacrifice of 
life. 

Exide Ironclad plate. In this positive plate the 
active material is held in a porous-walled tube with 
a central alloy spine as conductor. The tube is made 




Fig. 4. Section of Manchester plate with detail of 
leod button. (Eieetne Storage Battery Co.) 



Fig. S. Oould ipun Fkinfa positive plofe. (Ooidd- 
Nafhnol Batteries^ Ine.) 


of glass fiber armored with perforated ttiig jdas^c. 

This plate is used in many appUcarions battls 
particularly successful where the scgvSce eaBs 
repeated or routine deep-discharge cydiea, sudh as 
in industrial trucks and mine locomotives. 


Fraeiiiig of olactrolyte. The freesiitg points of 
the usual range of sulfuric-acid electrdytes 
full-charge specific gravities (from — 52^C for 
1.250 at IS^C to -70'^C for 1.300 at 15®C) are 
well below most arctic temperatures, but die end 
of-discharge specific gravities can result in freezing 
points above arctic temperatures unless precautions 
are taken. With the proper choice of separator, a 
high-gravity acid can be used in severe arctic eon 
ditions without detriment to the negative electrodes 
and yet can have a relatively high end-of-discharge 
gravity. 

Charging. For fast, yet efficiei^ and noninjun 
ous, charging the modified constant-potential 
method is recommended. A high current rate is 
u^ed until a voltage, such as 2.38, is obtained. This 
voltage is then maintained with a decreasing cur 
rent until the finishing rate recommended by the 
manufacturer is reached. The finishing rate is con 
tinued to the end of the charge. Several methods 
are used for setting the end of the charge, the best 
known being arrival at a constant potential, ar 
rival at a constant specific gravity, or charging a 
certain per cent of ampere-hours in excess of iht 
ampere-hours that have been taken out A lengthv 
but efiicient charge can be made using the finish 
ing rate from the start. A two-step charge can be 
made using first a high current and then the hn 
ishing rate, the chaMe being made automatically 
by a voltage relay of ampere hour meter 

Containers. Compositions of asphaltic or bitu 
minous materials with inert fillers and fibers are 
used in some of the cheaper grades of batteries 
Better grades use hard rubber, frequently blended 
with synthetic and reclaimed rubbers. These are 
used in airplanes, ships, and submarines as well as 
in automobiles. Glass and ceramic jars are con 
fined almost entirely to stationary cells, where 
weight and volume afs ipf minor importance and 
chance of breakage is MudS* Plastic containers are 
coming more into use, many of the other 

types. 

Batteiy troubiM and ramadita. Some of the 
more important battery troubles are corrosion of 
the grid, shedding of active materials, and self 
discharge 

Corrosion. Gradual wearing away of the grid 
containing the positive active material results in 
subsequent disintegration of the plate. Cells sub- 
jected to repeated deep discharges and overcharges 
are particularly prone to this trouble. The MiU- 
mony used in the grid alloy (5-12% Sb is used to 
impart sUffness and castability) aids in resisting 
corrosion under certain conditions. The addition of 
small percentages of arsenic and silver increases 
this reustaaoe to a notable extent. 

Shedding of active materiaU. This usually ye^ 


tains to the positive Ictive material duAt dtt 


<H)bjected to ovorehargUig, whereby gas fotmatioii 
Strains and looaena paiticlea of material near the 
surface of the plate. Unless retainers, such as 
slotted rubber or plastic or mats of glass fiber, are 
used against the positive plates, active material 
may drop to the bottom as sediment and cause 
short circuits between plates. The material may 
also be carried by gas streams to the top of the cell 
to pile up and short-circuit there. 

Self-discharge or local action. Self-discharge of 
negative plates is caused by deposition of certain 
metals on the plate to form a voltaic couple with 
the sponge lead. Since these couples, actually 
bhorted. have an emf in excess of the hydrogen 
overvoltage on the metal deposit, an evolution of 
hydrogen ensues, and the adjacent lead is sulfated. 
Metals most frequently producing local action in- 
( lude antimony, copper, silver, and, less frequently, 
tin arsenic, bismuth, platinum, and nickel. 

Other metals, such as iron and manganese, whose 
salts readily exist in solution in two stages of oxida- 
tion. ( an reduce the positive plate by diffusion or 
convection and oxidize the negative plate with 
PbSOi formation at both electrodes. 

If self-discharge of the negative electrodes be- 
( omes rapid or is allowed to art over a long period, 
or if a cell stands for some time in a discharged 
condition, the sulfate crystals become large, hard, 
and difficult to reduce to lead. 

Undercharging, This causes buckling, or warp- 
ing of plates and sulfation. This condition is usu- 
ally due to unequal work on the two sides of the 
positive plates, resulting from unequal electrolytic 
attack or unequal expansion of active materials. 

Overcharging This causes corrosion, buckling, 
washing, and overheating. It is caused by high 
‘ harging rates, which should be tapered off as the 
hat ter \ becomes charged. 

Denufiration of negative material, A deficiency 
of certain organic and inorganic compounds, used 
as additives to the active material, permits coales- 
tenre of lead particles with a consequent loss of 
porosity. Compounds added to the negative plate 
material to prevent this are commonly called ex- 
panders. 

^^eparator shorts. The separators between posi- 
tive and negative plates may be oxidized through 
rnnlac t with PbOj, resulting in puncture and short 
ir( mts between plates. 

AU(ALINE-TYPE storage battery 

The alkaline-type storage battery is so classified 
because the electric energy is converted from 
t-nemical action through an alkaline solution. One 
tvpe of battery has positive plates with an active 
***aterial of nickel and negative plates of iron. An- 
other type uses nickel and cadmium. A third uses 
®^ide and zinc. 

Nickebirsn alksHns ortl. This battery is oom- 
o^d of cells having nickd and iron in an alkaline 
elution. It is also known as the Edison battery. 

The positive active material in these cells Is a 
*«ner oxide at hydroxide of nickel. The negaitive 


material is fine iron powder. The deotralvte Jit 
1,200 ap gr at 6Q^F (1S,56^C) potassium hydh^||H 
KOH. to which a little lithium hydroxide koHR 
times added. A freshly charged positive 
contains some NiOxi which is nns^le 
poses in a few days. As a result the firejM^arged 
cell will have an emf of 1,48 volts, wfa^n decreases 
in a few days to a stable J|||S volts. This unstable 
oxide (NiOa) can also meet electrical perform- 
ance, and the hours between full charge and start 
of discharge should be noted in stating capacities. 
The KOH electrol 3 rte supplies ions for conductivity 
but does not enter into cell reactions. It remains un- 
changed in specific gravity during cycling and 
hence gives no indication of state of charge. The 
latter can be determined from the voltage, when 
discharged briefly through a certain fixed resist- 
ance and referred to a calibration. During dis- 
charge the positive material is reduced to nickelous 
hydroxide, and the iron in the negative is oxidized 
to ferrous hydrate. Figure 6 shows typical dis- 
charge curves of a 100-amp-hr nickel-iron cell. 

The positive material is packed into perforated 
steel tubes with alternate layers of finely flaked 
nickel to provide conductivity. The tubes are then 
pressed and clamped into a steel frame. The nega- 
tive material is packed into pockets of perforated 
steel shaped like long, thin boxes. These are also 
pressed and crimped into a steel frame. All steel 
parts, including the welded-steel container, are 
nickel-plated. Positive and negative plates are 
shown in Fig. 7. 

Manufacturers warn against operating nickel- 
iron cells above IIS^F. Also, depending somewhat 
on discharge rate, capacities drop rapidly below 
a critical temperature of about 36 ^’F. 

In charging Edison cells a current not less than 
one-half the normal (5-hour) rate is used because 
a large quantity of hydrogen gas must evolve at the 
negative plate to effect the reduction to metallic 
iron. 

Edison cells have found extensive application in 
industrial trucks, for car lighting, and for standby 
or emergency sources of power. 



ompara hoars,, 


\g. 6. Typlcd voMiaa curvaa of alckaMroii olkoUiia 
Edison) dalb far various dkehorga rertas. (From A. f . 
lAow/fon« acL, Standard Handbook for flacfrko/ |n- 
finoortr 9th ad., tM3rawMh/1957) 
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Fig. 7. Plate construction of nickel-iron (Edison) cell, 
(o) Positive plate, (b) Negative plate. (Thomas A. Edi- 
son Industries) 


Nickel-cadmium alkaline cells. In the original 
types? of Ni-Cd (Jungner) cells the materials and 
structural features for the positive plates are quite 
similar to those described for the Ni-Fe cell. Dif- 
ferences are that graphite, instead of flake nickel, 
is used to give conductivity to the material and that 
some manufacturers use pockets instead of tubes. 
Negative plates of these original types also have 
the same structural design as those for the Ni-Fe 
cells, but the active material is cadmium instead of 
iron, and on discharge this goes to cadmium hy- 
droxide. 

Decomposition of some NiOj after full charge 
produces the same effects on open-circuit voltage 
and discharge immediately after charge as de- 
scribed for the Ni-Fe cell. Following this initial 
decomposition the emf will be close to 1.30 volts. 

During World War II the Germans developed a 
sintered-plate type of Ni-Cd cell. Extremely fine 
nickel powder, obtained from decomposition of 
nickel carbonyl, is sintered in a mold around 
a nickel or nickel-plated screen. For positive plates 
these plaques are impregnated with a nickel salt 
(usually nitrate) and processed to throw out the 
nickel hydrate in the pores. Plaques for the nega- 
tives are impregnated with a cadmium salt ( nitrate 
or chloride) and processed in a manner like that 
for the positive. 

Sintered-plate cells are displacing the original 
types, being superior in several respects. They have 
less internal resistance and a higher utilization coef- 
ficient, and they perform better at both higher and 
lower temperatures. 

The electrolyte is a solution of potassium hy- 
droxide (KOH) made with specific gravities rang- 
ing from 1.240 to 1.300. 

Ni-Cd cells are finding use in several stationary 
applications* in diesel starting, and in aircraft. 


Containers are made of nickel-plated steel or plaitic 

Charging can be done rapidly and officientljlby 
constant-current, constant-potential, and modSed 
constant-potential methods; gassing begins around 
1.47 volts, and when using normal charge rate 
(5-hour), the end voltage will be 1.75. 

Typical discharge and charge curves are shown 
in Figs. 8 and 9. 

Silver oxide-«inc alkaline cell. Silver oxide posi. 
tive plates and sponge-zinc negative plates came 
into use during the late 1940s. They have high 
ampere-hour and watt-hour capacities per unit of 
volume or weight. A high-specific-gravity KOH 
solution, up to 1.450, has been found advantageous 
in minimizing local action. Cell reactions can be 
expressed as 


. ^ r, i-»iRcnarae . ^ _ 

AgO + Zn Ag + 2^(()H)2 

CharKe 

Charging can be accomplished by a constant 
current or modified constant-potential charge, 
long as the cell voltage does not exceed 2.1 volt‘» 
at any time. 

Typical discharge and charge curves are shown 
in Figs. 10 and 1 1. 

Silver oxide-zinc cells are used both as prjmdr\ 
and secondary c'ells for military use and for non 
military applications where battery power with 
minimum weight is an essential consideration 
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Fig. 8. Typical discharge curve for sintered-plait 
nickel-cadmium celt. (Electric Storage Battery Co.) 



Fig. 9, Typicol charge curve for sintored-plate ^l®**®* 
cadmium cell. (Electric Storage Battery Ca* 




Fig. 10. Typical discharge curve for silver oxide-zinc 
cell. {Electric Storage Battery Co.) 



Fig. 11. Typical charge curve for silver oxide-zinc 
cell. (Electric Storage Battery Co.) 


Freezing of alkaline electrolyte. I'he use of 
hi8lvgravit\ KOH electrolyte for Ni-Cd and 
\i;0-Zn (‘ells eliminates freezing under .seven* 
ar(ti(' eonditions. High-specific-jiravity eleefrohle 
• aniuit he ijst*d with Ni-Fe cells. 

Venting of storage cells. Venting must he pro- 
vided tor all .storage cells to permit escape of local- 
attion gas or gas generated in the charging pror- 
The only exceptions are the special sealed 
(fils, in which gassing is held to a minimum and 
am hvdrogen or oxygen generated is recombined 
through catalysis. 

i^roxision for the escape of gas has necessitated 
MimuToiis devices to prevent spillage of electrolyte 
fiom cells in applications such as aircraft. 

[ H.P.MIJ.] 

fliblio^raphv: J. T. Crennell and F. M. Lea, 
ilhalinr Acrumulalors^ 1928; A. E. Knowlton 
(fd. ). Standard Handbook for Electrical Engi- 
«rpr.s, 9th ed., 1957; G. W. Vinal, Storage Batteries, 
4th ed., 1955. 

Storage devices 

Devices capable of assuming distinguishable states, 
vvhieh when given a stimulus or input, as.sume an- 
other or the same stale uniquely representative of 
that input and previous state; also called memory 
devices. 

Storage devices are extensively used in switching 
nrcuits and in digital computers in the form of 
hold-( ontact relays, electronic flip-flops, magnetic 
eores and the like, either in control and gating 
applications or as arithmetical registers for storing 

totally represented numbers. 

Dther devices, used for bulk storage of numbers 
other information, arc punched cards, mag- 
punched-paper tape, and magnetic 
See Data processing systems. 


Storage dovicos 1 59 

For more rapid access to large amounts of in- 
formation (1000 or more separate items or words), 
magnetic drums, electrostatic storage tubes, mer- 
cury delay lines, and magnetic-core matrices are 
used. For discussion of magnetic-core matrices, 
and also the use of storage devices in digital com- 
puters see Digital computer. 

Magnetic drum. This is a revolving cylinder on 
which binary digits 1 and 0 may be represented by 
magnetized spots. Tracks of spot positions around 
the circumference of the drum pass by magnetic 
heads, mounted on bars around the cylinder, for 
recording (writing) and sensing (reading). These 
spots may directly represent binary numbers or 
may represent decimal digits by appropriate cod- 
ing. A typical access time for reading a datum from 
the drum into a computer register is half a drum 
revolution, or about 5 milliseccmds. The drum is 
used either as the main mem(»ry of the machine or 
for auxiliary bulk storage. 

Electrostatic storage. Binary digits can be 
stored in the form of small charged spots on the 
face of a cathode-ray tube. Spots are created by 
impingement of an electron beam on the storage 
surface, the beam being directed to vanou«« loca- 
tions by horizontal and vertical deflection plate*- 
(.see Cathode-ray tube). On a lube 3-4 in. in 
diameter, about 1000 binary digits can be recorded. 

bock plate 



electrostatic 
storage surface 

Electrostatic storage tube. 


and access to any bit is obtained Jii about 10 micro- 
seconds. Electrostatic storage, as a truly fast-acces-^^ 
storage deviot, has almost entirely given way to the 
magnetic core. 

Delay line. The delay-line storage device i> 
commonly a column of mercury, along which me 
chanical waves travel at a frequency of 1 mega 
cycle or more, the waves representing binary digits 
Electrical signals are introduced into a quarts 
crystal which, because of its piezoelectric property, 
sets up mechanical vibrations in the mercury col- 
umn. The waves are converted back into electrical 
signals by a second crystal at the other end of the 
column. A delay line can store sevjeral hundred bits 
of information. See Piezoelectricity. [r.j.n.I 

Bibliography: A. D. Booth and K. H. V. Booth. 
Automatic Digital Calculators, 2d ed.. 1957 ; R, K. 
Richards, Digital Computet Components and Cir- 
cuits, 1957. 





Stor«g9 luiM 

An electron tube into which infonnation can be 
introduced and then extracted at a later time; also 
called a memory tube. 

OptfllkNI* The process of introducing informa- 
tion into a storage tube is known as writing, and 
that of extracting useful infonnation is called read- 
ing. The deliberate removal of information from 
the storage surface is called erasing. In some tubes 
reading automatically effects erasing; in others a 
separate operation is required. A charge-storage 
tube is one in which information is retained on a 
surface in the form of electric charges. 

The characteristics of a storage tube are largely 
governed by the nature of the storage surface. This 
surface is usually a deposit or sheet of insulating 
or semiconducting material. The point-by-point 
potential of this surface is varied, in a controlled 
way. by the dielectric charging processes associated 
with electron bombardment of an insulator or semi- 
conductor. The polarity of the resulting potential 
pattern depends upon the beam-accelerating volt- 
age employed and the voltages applied to the ele- 
ments adjacent to the storage surface The low 
conductivity of the storage-surface material en- 
sures that the charge (or potential) pattern will 
not be dissipated before the reading operation is 
initiated and completed 

In the reading operation, the potential pattern 
established by writing controls either the percent- 
age of the primary beam that is able to pass through 
the openings of a fine mesh screen on which the 
storage surface may be deposited or else the mag- 
nitude of the secondary-electron current, which re- 
sults when the primary beam strikes the storage 
surface. In either case, the current collected by the 
output electrode is modulated in accordance with 
the stored charge pattern. 

Storage tubes mav be classified according to the 
general nature of the input and output signals 
associated with them Thus there are visual-electri- 
cal, electiical-electrical, and electrical-visual stor- 
age tubes. Visual-electrical storage tubes are bet- 
ter known as camera tubes and are described 
elsewhere (see Television camera tube). In the 
following section several commercially important 
cathode-ray charge-storage tubes in the latter two 
classes will be briefly discussed. 

Ordinary cathode-ray tubes have been used as 
electrical-electrical storage tubes in the buffer 
stages of high-speed digital computers. The phos- 
phor screen and the envelope faceplate of these 
tubes ^erve together as the storage medium. An out- 
put electrode is provided by affixing a conducting 
membrane to the outside of the faceplate. Cathode- 
ray tubes especially designed for computer service 
are characterixed by phosphor screens chosen for 
secondary-emission properties, stability, and pu- 
rity, rather than for luminescent efficiency. These 
tubes are popularly called Williams tubes, after 
F. C. Williams, a pioneer in their application. 



Fig. 1 Signol-converter storage tube (Radechon) 
(From M Knoll and B Kazan, Storage Tubes, Wi/ey 
1952) 


Radechon. This vacuum tube, known also a 
bariier-grid storage tube, i^ a single-gun device 
The dielectric storage medium in this case is usu 
ally, but not necessarily, a sheet of mica T sand 
wiched between a continuous metal backing pidti 
P and a fine mesh screen S (see Fig. 1 ) The e)e( 
Iron beam ip is formed by the electron gun rep 
resented by cathode K and anode A. The collector 
(, collects reading current 7*. This current develop- 
an output signal voltage across output resistor R 
The screen, the barrier grid, serves to restrict iin 
desirable redistribution of secondary electrons over 
the storage surface. Additionally, the potential 
applied to the barrier grid is that to which the 
storage surface charges under the influence of 
beam bombardment. Writing consists of establi'^h 
ing localized voltage gradients, which may be of 
either polarity, across the storage layer. In the 
tube shown in Fig. 1 these gradients are established 
by varying the backplate potential by means of a 
signal fed into the input resistor /?,. The output 
current in reading is dial which flows to the coh 
lector electrode when discharging this gradient 

The Radechon is highly versatile, finding use m 
simple delay schemes, signal-to-noise improvement 
applications, signal-comparison service, and sys 
terns for the conversion of signal-time bases. 

Recording storage tube. This tube employs a 
storage medium in the form of an insulating de 
posit T on one side of a fine mesh screen S (Fig 
2). In the reading mode, the scanning electron 
beam approaches the storage mesh screen at low 
velocity. The magnitude of the reading beam cur 
rent which is able to penetrate the openings of the 
storage mesh screen and impinge on the outpii^ 
electrode is controlled by the potential pattern 
established on the insulating deposit. This pattcj^ 
is related to the input signal which modulates the 
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Fig 2 Signal-converter storage tube (recording stor- 
age tube) 


writing mode Both one- and two-gun versions of 
ihi'' devK e are produced, the latter for siniultaneou«i 
willing and reading operation, which is required 
in some appln ations 

Hus type of tube is particularly applicable to 
s\stems in which many faithful output copies of a 
'stored pattern are needed, because the reading 
proipss Is not an erasing proc ess as well 

Graphechon. This tube is fitted with two elec 
iron guns one on each side of the storage medium 
a thin film T of insulator or semiconduc tor de 
[losiud on d thin substiatum of metal F which is 
Mippoited by a fine mesh M (see fig 3) The read 
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ing process which is also an erasing process, at- ^ 
tempts to maintain an equilibrium voltage gradient ^ 
across the storage layer. This gradient is 
charged point by point by the writing beam, nyliich 
is sufficiently energetic to penetrate the storage 
layer as well as its supporting substratum. This 
penetrating beam bombardment produces addi- 
tional charge carriers which hasten the discharging 
process. The current that flows to the wire mesh, 
as the reading process strives to reestablish the 
equilibrium gradient, constitutes the output signal 
The collector removes the return current from the 
storage medium. 

The Graphechon is intended for scan-conversion 
service, typically converting radar PPI signals to 
standard TV signals. 



Fig 4. Viewing storage tube. (From M Knoll and B 
Kazan, Storage Tubes, Wiley, 1952) 


Visual Storage tubes. This group includes all 
electrostatic storage tubes that also provide a 
visual readout. 

Display stmage tube. This tube is closely akin 
to the recording storage tube. It is, however, of the 
electiical-visual familv of storage tubes (Fig. 4) 
In place of a scanned reading beam, the display 
storage tube employs a continuous, low-velocity 
flood beam from the reading gun, having a cross- 
sectional diameter equal to that of the storage sur- 
face. In passing through the openings in the mesh 
M which supports the storage surface P, this beam 
is modulatra point by point by the potential pat- 
tern established by writing. After passing the mesh 
plane, the flood beam (now ii^ulated) is ac- 
celerated to a phosphor screen V where a visible 
display of the stored charge pattern is created 

llie display storage tube (variously known as the 
direct-view storage tube, the latron, or the Tone- 
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Iron) ig iigefu] in many types of signal*display 
service, particularly in radar, sonar, and narrow- 
bandwidth television applications. This tube fea- 
tures high output brightness and a display per- 
sistence that is electrically controllable over a 
wide range, from milliseconds to many minutes. 

Memotron, This is another electrical-visual stor- 
age tube which shares in general the operating 
principles and construction of the display storage 
tube. By choice of different storage-layer material, 
as well as slightly different electrode arrangements, 
this device sacrifices continuous tone-display ca- 
pabilities for bistable visual-signal display, con- 
trollable in duration from a few milliseconds to 
infinity. This tube is suited to specialized oscillog- 
raphy. 

Typotron, This tube is a variation of the Memo- 
tron. It substitutes a special writing gun for the 
conventional cathode-ray-type gun usually em- 
ployed. This special gun includes a mask contain- 
ing characters, such as the alphabet. The electron 
beam can be scanned over the mask to yield a re- 
sultant beam having a cross section resembling a 
chosen character. Such an electron gun is called a 
Charactron gun. The chosen characters are slored 
by the Memotron principle, providing a visually 
readable display. See Cathode-ray tube; Digital 
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storm 

An atmospheric disturbance involving perturba- 
tions of the prevailing pressure and wind fields, in- 
cluding extratropical and tropical cyclones, bliz- 
zards, tornadoes and waterspouts, squalls, dust or 
sand storms, and thunderstorms. 

Extratropical cyclones. These cyclonic disturb- 
ances are observed in all latitudes beyond about 
20®, but they are most frequent in latitudes 30-60®. 
All extratropical cyclones of appreciable intensity 
form on or near the fronts separating the large air 
masses (see Front). The energy for their circula- 
tion is derived mainly from potential energy re- 
leased by sinking of the colder (heavy) and rising 
of the warmer (light) air masses. This energy, 
which is augmented by latent heat released by con- 
densation of water vapor, is converted into kinetic 
energy partly of the cyclonic disturbances and 
partly of the strong hemispheric westerlies in upper 
levels. In turn, the cyclones draw part of their en- 
ergy from the upper wind systems. 

The structure of a typical “wave” cyclone is 
shown in Fig. 1. In the Northern Hemisphere, winds 
blow about the low-pressure center in a counter- 
clockwise fashion, nearly parallel to the isobars 
(lines of equal pressure). Wind strength is nearly 
proportional to the horizontal gradient of pressure. 

Most cyclones develop from small disturbances 
on the polar front. After the wind circulation is 
initiated, the amplitude of the frontal wave — as 
viewed in the ground plan on a weather map — 
grows. At the stage shown in Fig. 1. the cyclone 
has a “warm sector” where relatively warm air is 


found at all levels. The frontal surface 
over the cold air masses poleward from the surface 
position shown, and warm air aloft extends fa ^ 
tongue of decreasing depth northward past tfae.xv. 
clone center. Many cyclones progress to a taore 
mature stage, in which the cold front gradually 
overtakes the warm front and forms an “occlusion" 
in which the warm air for some distance south of 
the low center is entirely lifted above the earth's 
surface. 

Dynamical processes. The atmosphere is char- 
acterized by regions of horizontal convergence and 
divergence in which there is a net horizontal infloi^ 
or outflow of air in a given layer. Regions of ap- 
preciable convergence in the lower troposphere arc 
always overlain by regions of divergence in the up. 
per troposphere. As a requirement of mass con- 
servation and the relative incomfh'essibility of the 
air, low-level convergence is associated with rising 
motions in the middle troposphere, and low-level 
divergence with descending motions (subsidence). 

In ascending the air cools by expansion and ap- 
proaches saturation, while in descending the air be- 
comes warmer and dryer. A central problem in 
forecasting cyclones and their accompanying 
weather patterns is predicting the distribution of 
convergence and divergence, from which the verti- 
cal motions are inferred. The convergence-diver- 
gence patterns can be dediic.ed from the configura- 
tions and time changes of the pressure field by use 
of equations of motion relating it to the wind fiehl. 

Viewed in an absolute frame of reference, the at- 
mosphere is almost everywhere chara(^terized bv 
circulation in a cyclonic sense about a vertical axis 
This circulation is due to rotation of the earth, aug- 
mented or decreased by rotation of the wind sy«; 
terns themselves. The absolute angular momentum 
of a given ring of air lends to be conserved, and 
contraction of the ring results in increasing thr 
wind speed in a cyclonic sense. Thus low-level con- 
vergence is essential to establish and maintain thr 
rotation in a cyclone, IViction at the earth’s sur- 
face tends to retard the circulation. 

Convergence in the. surface cyclone is stronger 
on the east side and around the low center, whih* 
divergence is present on the west side behind the 
cold front. Compensation for the low-level conver- 
gence is provided by upper-level divergence, whidi 
is found on the east side of upper-level troiighf^ 
Cyclone formation and maintenance thus require^ 
the presence of such a trough west of the cyclonf 
as in Fig. 1. Divergence in such upper-level trough? 
is strongest near the belt of maximum upper-level 
westerly winds, and surface cyclones show a strong 
preference for the jet stream region, near the trop 
opause, where winds of 100-250 mph are observed- 

Frontal storms and weather. Weather patterns 
cyclones arc highly variable, depending on niois' 
ture content and thermodynamic stability of 
masses drawn into their circulations. Warm and oc- 
cluded fronts, east of and extending into tb^ 
clone center, are regions of graduj^^jji^glidtng 
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^ig- 1. Schematic diagram of sea-level fronts and iso- troposphere superimposed. (Mainly after Bierkness and 

bars in a wave cyclone, with lines of flow in upper Palm4n) 


•ions, with widespread cloud and precipitation but 
•isiially no pronounced concentration of stormy 
‘'Ondilions. Extensive cloudiness is also often pres- 
ent ill the warm sector. 

l^assjage of the cold front is marked by a sud- 
den wind shift, often with the onset of gusty condi- 
hons, with a pronounced tendency for clearing bc- 
eau'ie of general subsidence behind the front, 
nowers may be present in the cold air if it is 
and unstable, owing to heating from the sur- 
Thunderstorms, with accompanying squalls 
^nd heavy rain, are often set off by sudden lifting 
Warm, moist air at or near the cold front; and 
^bese frequently move eastward into the warm sec- 
See Squall; Thunderstorm; Weather. 


Middle’latitude highs or anticyclones, P'.xtratrop- 
icaJ.,T:y clones alternate with high-pressure -systems 
or anticyclones, whose circulation is generally op- 
posite to that of the cyclone. ITie circulations of 
highs are not so intense as in well-developed cy- 
clones, and winds are Weak near their centers. In 
low levels, the air spirals outward from a high; 
descent in^upper levels results in warming and dry- 
ing aloft. 

Anticyclones fall into two main categories, the 
warm ‘‘subtropical” and the cold “polar” highs. 
The large and deep subtropical highs, centered 
over the oceans in latitudes 25-40*^ and separating 
the easterly trade winds from the westerlies of mid- 
dle latitudes, are highly persistent. 
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Cold anticyclones, forming in the source regions 
of polar and arctic air masses, decrease in intensity 
with height. Such highs may remain over the region 
of formation for long periods, with spurts of cold 
air and minor highs splitting off the main mass, be- 
hind each cyclone passing by to the south. Follow- 
ing passage of an intense cyclone in middle lati- 
tudes, the main body of the polar high may move 
southward in a major cold outbreak. 

Blizzards are characterized by cold temperatures 
and blowing snow picked up from the ground by 
high winds. Blizzards are normally found in the re- 
gion of strong pressure gradient between a well- 
developed arctic high and an intense cyclone. True 
blizzards arc common only in the central plains of 
North America and Siberia and in Antarctica. 

The principal cyclone tracks. Principal tracks 
for all cyclones of the Northern Hemisphere are 
shown in Fig. 2. In middle latitudes, cyclones form 
most frequently off the continental east coasts and 
east of the Rocky Mountains. 

Movements of cyclones, both extratropical and 
tropical, are governed by the large-scale hemi- 
spheric wave patterns in the upper tropo^^phere. 
The character of these waves is in part reflet red 
by large circulation systems such as the •subtropi- 
cal highs, and the greatest anomalies fnim the 
ptincipal cyclone tracks occur when these highs 
are displaced from the mean positions shown. 
Warm highs occasionally extend into high lati- 
tudes, blocking the eastward progression suggested 
by the average tracks and causing cychmes tt» nu^ve 
lather from north or south around their fringes 
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Fig. 2. Principal tracks of extrotropicol cyclones and 
hurricanes with significantly ossociated features in the 
Northern Hemisphere. 


Over the Mediterranean, cyclones form fre. 
quently in winter, but rarely in summer, when 
area is occupied by an extension of the Sahatan 
and Atlantic highs, both the subtropical highs and 
the cyclone tracks in middle latitudes shift north- 
ward during the warmer months; on west coasts, 
cyclones are infrequent or absent in summer south 
of latitudes 40-45®. 

Tropical storms and disturbances. Weather m 
the tropics is influenced by migratory disturbances, 
including convergence patterns, vortices, and east 
erly waves. Land-sea distribution, orography, and 
diurnal variation of insolation modify the disturb- 
ance effects strongly, at any given place. 

The intertropical convergence (ITC). A season 
ally shifting zone of low pressure and variable 
winds, located between the nortl^east trade winds 
of the northern tropical areas and the southeast 
trades of the Southern Hemisphere, somewhat 
girdles the earth’s low latitudes. Figure 2 showv 
its mean position during the northern summer. In 
Northern Hemisphere winter, the ITC is near 10- 
20°S from Africa east to the 180th meridian, and 
at about 5°N between 140® W and 20® E. Movement 
of the ITC northward over Southeast Asia in spring: 
marks the onset of the rainy summer monsoon. 

Horizontal convergence with uplifting of moisi 
air masses in this ITC zone causes it to be one of 
the great rain belts, with frequent showers, thun 
derstorms, and squalls. The weather is higliK 
vaiiahle, and at any one locale most of the ‘•ea 
sonal rainfall is furnished by a few days’ lieaw 
rain. 

Tropical loivs. Wlfii concentrated bad weather on 
and near the ITC, .shallow or weaklv developed 
lows are generally found moving westward The‘‘< 
do not attain appreciable pressure falls while near 
the equator, and only develop complete cyclonu 
circulations when removed poleward more than 
S°. A minority of these develop into severe tropnal 
hurricanes. See Hurricanf. 

Easterly waves. These are north-south-oriented 
low-pressure troughs in the general easterly uir 
rent of the trade winds. Most such waves appear 
near latitude 20®, and in northern hemisphere 
terms, almost entirely between late spring and fall 
This is when the subtropical highs are farthe'-t 
noi th and the easterly currents on their south side** 
are deep and extensive. 

On approach of an easterly wave, the wind bacl** 
to a northeasterly direction; on passage of 
trough the wind veers to southeast and then grad 
ually returns to easterly. Good weather prevail** 
west of the trough, with frequent moderate 
heavy showers and thunderstorme on its cast side 
The waves, moving westward with speeds around 
LS mph, pass at intervals of 3 4 days, and shower^ 
weather may last for 2 days after trough passage 

[cw.nJ 

Bibliography \ S. Petterssen, Weather 
and Forecasting, vol. 1, 1956; H. Riehl, Tropical 
Meteorology^ 1954. 
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storm defection 

The methods and techniques used in detecting the 
formation of severe storms, including procedures 
(or locating, tracking, and forecasting their move- 
ment. To assist him in storm detection, perhaps his 
most important function, the meteorologist has de* 
veloped a number of special tools to suppilement 
the usual surface and upper-air charts and analy- 
ses, routine meteorological observations, apnd the 
reports of visual observations from cooperative 
storm-warning networks. See Hurricane; Storm; 
Thunderstorm; Tornado. 

Radar. The development of radar as a meteoro- 
logical instrument for the continuous representa- 
tion of precipitation has resulted in a major ad- 
vance in the ability of meteorologists to detect 
areas of frontal precipitation, hurricanes and ty- 
piioons, squall lines, thunderstorms, and in some 
cases, tornadoes. Although the individual weather 
radar range of about 200-400 miles is not ade- 
quate to cover the entire extent of extratropical 
cyclones and attendant frontal systems, it is pos- 
sible, where radar coverage is fairly complete, to 
combine several observations so that the precipi- 
tation areas associated with an entire system can 
be mapped and followed. Areas of precipitation, 
indicating vertical motion, can be watched to see 
how they change as a result of the dynamic proc- 
esses at work, the latter being deduced from synop- 
tic analyses. Thus critical changes in the shape, 
the rate of development and decay, and the move- 
ment of such areas can be noted as they occur. 

Radar serves one of its most valuable purposes 
in locating, tracking, and defining hurricanes which 
approach or enter continental coastal areas, and in 
detecting their more dangerous parts. The familiar 
spiral-band patterns, consisting of lines of intense 
convective activity or squalls, comparable to severe 
continental squall lines, are generally well defined, 
and the lime of their arrival at a given point prior 
to the main storm center can be estimated with 
fair accuracy. The spiral structure of these bands 
has made it possible, by use of a series of mathe- 
tnatical spiral overlays, to determine the center of 
the storm to within 5-10 miles, even though the 
eye of the storm is otherwise obscured (Fig. 1). 
The extent of the rain area and at least a qualita- 
^we estimate of precipitation amount, based on 
echo intensity, and the expected path and rate of 
tnovement of the storm, can be derive<f from radar 
observations. 

Radar is most commonly used for the detection 
tracking of thunderstorms, squall lines, and, 
Wt frequently, tornadoes. This is a routine opera- 
with ^band (lO-cm) and L-band (20.cm) 
radars (which essentially detect rain and not cloud 
Joplets), since all individual, sharply fomed 
oes or groups of echoes imply precipitation of 
ower intensity. The meteorologist carefully tracks 
echoes; echoes showing rapid lateral 
„ ^''?R* R®ydndicating protuberances, or other un- 
**** characteristics; and echoes of storms mhicb 




Fig. 1. Hurricane Donna as observed at 0840 EST, 
September 10, 1960, on the WSR-57, 10-cm radar set 
at Key West, Florida. A spiral overlay of cross-over 
angle a "* 15^ has been fitted to the precipitation 
bands to indicate the location of the storm center. 
(l/.S. Weather Bureau photograph) 

are known by visual observations to be producing 
severe weather at the surface. The position of such 
echoes is plotted at frequent intervals. 

Qualitative estimates of the intensity of such 
storms can be made if the height and the rate of 
vertical growth of the echo are determined, either 
by use of a range-height indicator (RHI) or by 
tilting the antenna until the radar beam passes 
ovi^ the top of the storm and the echo disappears. 
Experienced observers can often judge the intensity 
of a storm by the brightness of the echo or by re- 
ducing the rgdar receiver gain until only the most 
intense echoes remain. More sophisticated methods 
have been used to indicate the severity of a storm; 
some are based on quantitative reflectivity meas- 
urements, others on simultaneous reflectivity meas- 
urements from radars of different wavelengths. 
These show jpromise of providing a direct means 
for determinini; the size of hailstones in a thunder- 
storm. 

Since observations indicate a high correlation 
between tornadoes and intense thunderstorms, the 
radar meteorologist views the most intense, rapidly 
growing echoes with greatest suspicion when con- 
ditions are otherwise favorable for tornado forma- 
tion. Tornadoes have also been identified in an 
increasing number of instances by means of echoes 
with cei^ain distinguishing characteristics: pro- 
trusions in the form of a hook or a figure 6 extend- 
ing from the right-rear quadrsn^ of an echo, or 
V-shaped notches or holes in intense echoes (Fig. 
2). Such observations, however, can be made oihly 
within about 50 miles of the radar location ^d 
require the most favorable antenna elevation, 
ceiver gain, and view of the storm. SometiMs 
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Fig. 2. Series of WSR-3, 10<m rodarscopo photo- 
graphs taken at Topeka, Konsas, AAay 19, 1960, show- 
ing development of pronounced hook-shaped echo 
extending from main thunderstorm cell, associated with 
tornado at Meriden, Kansas. Ronge marks are 10-mile 
intervals. (U.5. Weather Bureau photograph) 

similar echo configurations are not associated with 
tornadoes. Nevertheless, whenever unusual echoes 
are observed, immediate efforts are made to obtain 
local visual observations. If the echo is found to 
be associated with a tornado, it is tracked con- 
tinuously and communities in its path are warned. 

A novel but still experimental use of radar for 
tornado detection employs the Doppler frequency 
shift of the radar signal produced by the difference 
in relative motion of reflecting particles on op- 
posite sides of the tornado with respect to the re> 
ceiver. Not only can the presence of such a rapidly 
rotating vortex be detected, but the speed of rota- 
tion also can be determined. See Radar meteor- 
ology. 

Sferics. The electromagnetic radiations pro- 
duced by lightning discharges, or sferics, most 
commonly experienced as static in AM radio recep- 


tion, provide an effective means for 
thunderstorms. Simple ‘lightning counters** 
been constructed on this principle and, while 
directional and of short reception range, serve ks 
fairly reliable indicators of the degree of intensjHry 
of local activity. Very elaborate detectors are hi 
use in networks covering the central portion of t|ie 
United States; these are designed to pinpoint, map, 
and follow areas of sferics sources, or thunder, 
storm activity. The direction-finding receivers are 
sensitive to frequencies of 10, 50, and 100 kc, 
which are normally propagated up to 3000 miles. 
Azimuths of detected signals are correlated, and 
intercepts are automatically determined by trian- 
gulation and displayed electronically at a central 
station. Locations of all active thunderstorms are 
thus indicated and can be trackdid in much the 
same way as the echoes on a radarscope (Fig. 3). 
Tornadoes and hailstorms have been related to 
thunderstorms producing particularly high rates of 
sferics. See Sferics. 

Infrasonics. Recent experiments by the National 
Bureau of Standards have indicated that tornadoes 
can be associated with sound or pressure waves of 
very low frequency — about Mo to Mo cycle per 
second, far below the auditory threshold of 15 
cycles per second — and that these sounds are 
propagated through the atmosphere to great dis- 
tances. It is believed that these waves are es- 
sentially trapped in the region of the tropopause 
or near the base of the ozone layer and propagated 
with relatively little loss in intensity or waveform. 
Networks of ultr^ensitive microbarographs 
equipped with special noise-reducing line micro- 
phones and appropriate frequency pass bands are 
used to detect the signals, and by comparison of 
the times of arrival, the azimuth of the source of 
the wavefront can be determined. Determination 



Fig. 3. Mop showing oloctronicolly producod diipkiy 
of sferics returns (thunderstorms) over egntrol poffi*" 
of the United States. The intensity and concefitrtfih’'' 
of signols are directly proportional to the ocifidty' 
(Air Weather Service, U.S. Air ForS phptogretpk> 
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^'9> 4. (a) Compoiite of actual photographs takon terpretation of cloud patterns shown by Tiros photo- 
oy Tiros / os it passed over the Pacific Northwest and graphs, supeijgiiposed on the OOOOZ surface synoptic 
ine north Pacific on May 20, 1960. (b) Rectified in- map analysis of May 20, 1960. 


additional azimuths by other, properly spaced, 
similar arrays of instruments would^ enable the 
source, as in the case of sferics. The 
possibility of using this means of 'detecting torna- 
dos at close range is being investigated. This 
'^ould reduce the time delay which results from the 
comparatively slow speed of sound •wave propaga- 
in the atmosphere. The mechanism causing 
^ infrasonic pressure waves is not known. 
Microaaisms, Another form of very low fre- 
waves, called microseisms, have periods of 
. These waves are propagated along the 
ace of the earth rather than in the atmosphere, 
jcroseisms have been more fully explored' by 
^Biologists. The oscillations have some a|^1ica> 


tion*to the detection of storms at sea, from which 
they originate. The exact mechanism of production 
is -not agreed upon; but their specific source in 
intense cyclonic storms,- hurricanes, and typhoons 
euggests a pumping action of the vortex on the 
surface of the sea. Multiple tripartite networks of 
seismogtgph stations are needed to determine azi* 
muths and 'fixes on a storm. Such networks have 
been used to detect and track storms well over 1000 
miles away. See Seismology. 

Aircraft, rocketa, and atfMlitea. Several 
relatively new ^pes of hiadt-level observatienal 
platforms have bwn used in detecting and traidthiig 
storms by permitting observations of the latter* 
scale cloud patterns. Such pictures give ^ iaete> 





OFoIog^vt an invaluable perapective, not only oi the 
form and extent of a particular weather system, 
but also of the environment in which the system is 
embedded. See Cloud. 

Aircraft. When synoptic reports indicate the for- 
mation of a hurricane beyond the range of land- 
based radar, the most reliable and regularly used 
means of direct verification and subsequent obser- 
vation is the aircraft. The famed Hurricane Hunt- 
ers of the U.S. Navy and special U.S. Weather 
Bureau aircraft fly over the area and penetrate the 
storm after it develops, taking observations of the 
basic meteorological elements and recording visu- 
ally, photographically, and by radar the cloud and 
precipitation patterns of the entire storm. The 
location of the storm's center, or eye, the move- 
ment of the center, and the storm’s size, intensity, 
and rate of growth are continuously observed and 
the data recorded and relayed to forecast centers. 
See Hurricane. 

The eye of a hurricane has also been tracked by 
means of a free-floating, constant-level balloon 
equipped with a positioning radio transmitter. 
This “hurricane beacon” is released from an air- 
craft in the storm’s center and circulates slowly 
within the relatively quiet eye at an altitude of 
about 15,000 ft. Signals are received and fixes 
made either by aircraft flying at a safe distance or 
by ground stations as much as 1000 miles away. 

liockets. It is now practical to use rockets as a 
special means of obtaining high-altitude photo- 
graphs of the cloud systems of storms and hurri- 
canes over the ocean. Cameras are sent as high as 
100 miles to take continuous photographs of the 
known or suspected area and then are returned to 
earth by parachute. The records must now be re- 
trieved at sea, but efforts are being made to develop 
an inexpensive system for telemetering the infor- 
mation directly. The hazard of impact in inhabited 
land areas must also still be overcome before the 
use of photographic rockets can be fully exploited. 
They may some day provide extremely valuable, 
short-notice observations of any storm condition. 
See Meteorological rockets. 

Satellites. The meteorological satellite makes 
possible the detection of all types of storms over 
any portion of the earth. While presently limited 
in orbit, in the need for observation by daylight, 
and in equipment capacity, satellite television 
cameras have already detected the cloud structure 
of extratropical cyclonic systems covering large 
areas of the world and often otherwise unobserved 
(Fig. 4), typhoons over the wide expanses of the 
ocean, frontal systems and squall lines, and even an 
intense group of thunderstorms which later 
spawned a number of tornadoes. Technical ad- 
vances in satellites will make possible a revolution 
in the science of storm detection. See Meteoro- 
logical SATELLITES. [W.A.HA.] 

Bibliography \ L. J. Bat.tan, Radar Meteorology^ 
1959; G. E. Dunn and B. I. Miller, Atlantic Hur^ 
ricaneSf 1960; T. F. Malone (ed.). Compendium 
of Meteorology^ 1951. 


Storm sul^ga 

A transient, localized disturbance in sea level, re- 
sulting from the action of a tropical cyclone, an 
extratropical cyclone, or a squall over the 
Storm surges, or storm tides, are not to be con- 
fused with tsunamis, or tidal waves, which result 
from seismic or molar disturbances of the earth. 
In the Northern Hemisphere those coastal regions 
which are particularly vulnerable to storm surges 
include the periphery of the Gulf of Mexico, the 
Atlantic coast of the United States, the Gulf of 
Bengal, Japan and other islands of the Western 
Pacific which lie in the typhoon belt, and the 
coastal regions of the North Sea. The surges oc- 
curring in the North Sea originate from the actions 
of large-scale extratropical sterns, particularly 
winter storms. On the east coast of the United 
States, hurricane-induced surges occur as well a» 
surges originating from intense winter storms. In 
the Great Lakes and the Gulf of Mexico, surges 
resulting from squalls are known to occur; how- 
ever, the hurricane-induced surges pose a more 
serious threat to the low-lying coastal areas of the 
Gulf. 
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See Tsunami. 


Sandy Hook, N. J. Winter storm of 1954 



The time histoi^. of the surge at a given location 
at shore is repres^ted by the surge hydrograph. 
This is a time sequence of the difference between 
the measured tide and predicted periodic tide 
(see illustration). Maximum surge elevations of 
15 ft above predicted tide are not uncommon. In 
the case of hurricane-induced surges, the peak 
water level seems to depend primarily upon the 
atmospheric pressure at dbe hurricane center. How 
ever, the horizontal scale, the direction and speed 
of propagation of the hurricane, and the coastal 
geometry and bottom topography are important 
influencing factors in the storm surge behavior. 
When a hurricane crosses the coast from the sea, 
the greatest surge along shore usually occurs to 
the right of the hurricane path. 

A storm surge is essential^^J^lt^ced inertto- 
gravitational wave^of great 
plies that fhe duration or speefl oFuLe atom 
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mines the dynamic augment of the water level at 
shore above that which would occur if the storm 
were stationary. Also, the inertial character of 
surges can explain quasi-periodic resurgences that 
often follow the primary forced surge. [r.o.r.] 
Bibliography: J. C. Freeman, Jr., L. Baer, and 
G. H. Jung, The batfaystrophic storm tide, J. Marine 
Research, 16(l):12-22, 1957; D. Lee Harris, The 
hurricane surge, Proc. 6th Conf. Coastal Eng., 
Council on Wave Research, pp. 96-114, 1958; 
p. Welander, Numerical Prediction of Storm 
Surges, in H. E. Landsberg and J. Van Mieghem 
(eds.). Advances in Geophysics, vol. 8, 1961. 

Straight-line mechanism 

A linkage so proportioned and constrained that 
some point on the linkage describes a straight line, 
or nearly a straight line. The straight-line mechan- 
j.^m, also called parallel-motion mechanism, is sel- 
dom used to generate a straight line, having been 
replaced in most instances by a sliding block con- 
fined to a straight groove, or straight ways. The 
mechanical engine indicator, however, employs a 
straight-line mechanism, and resourceful designers 
frequently use modifications of the many straight- 
line mechanisms that have been proposed. 



James Watt (1736-1819) devised the first 
straight-line mechanism in 1784 and applied it to 
his vertical-cylinder beam engine. Until that time, 
the lower end of a piston rod was guided by the 
piston in the cylinder, while the upper end was 
fastened to a chain that was wrapped on a sector 
which was fixed to the end of the vyalking beam 
and had its center at the pivot point of the beam. 
Watt's straight-line motion made possible a double- 
acting engine in which work could be done during 
the rising as well as the descending stroke of the 
piston, and supplied a positive means of guiding 
|he outboard end of a piston rod. Thus it was an 
important contribution to the development of the 
steam engine. The crosshead and guide, which is 
used today {see Slider-crank mechanism), did 
«»t appear until the 1820s. 

Watt’s straight-line mechanism is showp in 
f tE- 1. Point P of the mechanism traces an approx- 
imate straight line only between points a and A. 



Fig. 2. Epicyclic straight-line mechanism (Smithsonian 
institution) 

An early departure from Watt’s mechanism was 
the epicyclic straight-line mechanism shown in 
Fig. 2. The end of the piston rod is pivoted on 
the pilch circle of the smaller gear of the epicy- 
clic train, which is free to rotate within the larger 
fixed gear. Although this mechanism was con- 
sidered impractical at the time of its invention 
because of imperfection of the gears, a point on 
the linkage does describe a true straight line. 

The grasshopper linkage shown in Fig. 3 was 
used in an engine built by Oliver Evans (1755- 
1819) and in a somewhat modified form in George 
Stephenson’s Stourbridge Lion, the first locomotive 
brought to America. The stationary engine that em- 
ployed this linkage was called a grasshopper en- 
gine, because of the action of the linkage. 

Richard Roberts (1789-1864), who built the first 
metal planer (1817) which provided a practical 
means of making straight metal guides for a slider, 

M 
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Rg. 4. Straight-line mechanisms, (o) Roberts' mechanism (b) Russell's linkage, (c) Peaucellier mechanism 


contributed also to the catalog of straight-line 
mechanisms. Roberts* linkage is shown in Fig. 4a. 

The straight-line mechanism of Fig. 4b was at- 
tributed by William J. M. Rankine to John Scott 
Russell (1808-1882), an English engineer. This 
modification of the grasshopper linkage traces an 
exact straight line if the slider is confined to a 
straight path, but it has the disadvantage of re- 
quiring a sliding block and guide. 

The first exact straight-line motion to employ 
turning pairs only (Fig. 4c) was proposed about 
1864 by C. N. Peaucellier (1832-1913). It has 
been little used because of its complexity and be- 
cause it came when the acute need for such a de- 
vice was past. [f.s.f.] 

strain 

Deformation or change in shape of a material as a 
consequence of applied forces. Strain is directly 
measurable (see Strain gage), and from such 
measurement, within the elastic limit, the internal 
stress that accompanied the strain can be deter- 
mined (see Elastic limit; Hooke's law; Photo- 
elasticity; Young’s modulus). The strain-pro- 
ducing action sets up consequent stresses in the 
material, and stresses in a material cause a defor- 
mation or strain. That is, an initial strain is always 
accompanied by a stress. For this reason, the two 
phenomena are usually dealt with together (see 
Stress and strain). [f.h.r.] 

strain gage 

A device which uses the change of electrical re- 
sistance of a wire under tension to measure pres- 
sure* 

The strain gage converts a mechanical motion 
to an electrical signal by use of the fact that when 
a wire is stretched, its length is increased and its 
diameter is iecrtasei; its electrical resistance is 


therefore increased. The change in resistance is a 
measure of the mechanical motion, which in turn 
is a measure of the pressure. See Pressure trans- 
DurrR. 

The complete pressure-measuring instrument 
system comprises a sensing element, usually a 
bourdon tube, bellows, or diaphragm element, the 
strain gage (bonde^or unbonded); and an indi 
eating or recording instrument 

The bonded strain gage is affixed to a piece of 
metal (such as a bourdon tube) which deform'^ 
elastically as pressure is applied. The usual form 
of the bonded strain gage is a flat zigzag grid of 
very fine (perhaps 0.001 -in. diameter) wire im 
bedded in a thin sheet of impregnated paper The 
sheet is cemented to the pressure-sensing element 
Bonded strain gages are available in a wide 
range of resistances (50--5000 ohms), of size** 
(Vis-fi in.), and of materials, to meet the require 
ments of various applications. 

Unfortunately, most wires which have desirable 
characteristics as strain gage material are also 
sensitive to temperature (change resistance when 
the temperature changes). This effect is not al 
ways significant in dynamic testing, but for tests of 
long duration or for continuous processing, the ef- 
fect of temperature must be minimized. The circuit 
of Fig. 3 minimizes the temperature effect with a 
temperature compensator identical to the measur- 
ing gage, mounted on an unstressed element at the 
same temperature as the measuring gage. 

strain goo* 
wire 


-poper ihee* 

Fig. 1. Oonded strain goge. 
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fhe unbonded strain gage consists of a grid of 
fioe wires strong under slight tension between a 
cUtionary frame and a movable armature. Pres- 
sure applied to the bellows or diaphragm sensing 
element moves the armature with respect to the 
frame, increasing tension in one-half of the fila- 
ments and decreasing the tension in the rest. 
Proper arrangement of the wires in a Wheatstone 
bridge circuit will nearly nullify the effect of tem- 
perature. 


Strain gaga 

movabta fllamants 




^'9- 3. Simple strain-gage circuit. 


A strain gage is almost always used in a Wheat- 
stone bridge circuit. When pressure is applied, the 
resistance of the strain gage changes, and the output 
voltage of the bridge changes. The output voltage 
cannot be measured by a conventional voltmeter^ 
®nd so common practice — especially in industry — 
to amplify the output to drive an indicating or 
recording instrument with a self-balancing bridge. 
. high-speed dynamic measurements, a mov- 
*®g-mirror oscillograph can furnish response as 
as 2000 cps, and an oscilloscope (using a 
ca hode-ray tube) can give even faster response, 
of accuracies may be from 0.1 to 2% 

p scale, depending on materials rad design. 

example, instruments used for dynamic moas- 
jements may have excessive drift See Puessuke 
**®A8UREMENf. «-C.P.3 


Strain rosette 

A pattern of intersecting gage lines on a surface 
along which linear strains are measured to find 
stresses at a point. A rosette gage is an assembly 
of strain measuring components arranged to meas- 
ure strains in the directions of the respective gage 
lines. To facilitate computations, three lines are 
usually oriented to form a rectangular or 45^ 
rosette, or as an equiangular rosette, also called 
the delta or 60^ rosette as illustrated. 




Strain rosettes, (o) 45® type; (b) 60® type. 

Electrical resistance-type gages are usually em- 
ployed (see Strain gage). With suitable instru- 
mentation, strains are recorded in microinches per 
inch. Strains in the selected directions can also be 
measured by mechanical gages. The three meas- 
ured strains permit evaluation of strains in any 
direction. The maximum and minimum strains, 
called principal strains can be found analytically 
or by Mohr’s circle of strain, and the correspond- 
ing stresses by the generalized Hooke’s law. This 
procedure for finding the maximum stresses and 
their directions from linear strain measurements is 
called the rosette method. See Stress and strain. 

[W.J.KR.] 

Bibliography: M. I. Hetenyi (ed.), Handbook of 
Experimental Stress Analysis^ 1950. 

Strand line 

A line at the margin or shore of a sea or lake. In 
geology, strand lines of ancient seas can be identi- 
fied by recognizing sedimentary structures and 
textures, and the organisms that characterize 
shores. It is difficult to recognize shores of identical 
time. Seas spread and retreat in time, causing 
shore facies to migrate laterally through rock se- 
quences. Organisms are, more sensitive to environ- 
ments than to small time differences, so planes of 
synchroneity are more difficult to determine than 
sites of deposition. Changes in sea level (eustatic 
movements)' are universal, so their effects on strand 
lines have been applied in making world-wide cor- 
relations in time. See Facies '(geology); Sea 
LEVEL fluctuations; Warping, earth crust. 

[MfK.] 

BUtliographyt Finding Ancient ShoreHnes, So<d- 
ety of Economic Palemitolegists aad MhMrelo^ats 
Spec.Pobl.3.I9SS. 
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Strange particle 

An include name for X-mesons and hyperons. 
Tbe^e particles were initially considered strange 
because they have relatively long lifetimes (in the 
range sec), which appeared incon- 

sistent with their copious production in high- 
energy nuclear collisions (lifetimes of about 
sec were expected for IC-mesons and hyperons with 
strong nuclear interactions). This inconsistency 
was resolved by the recognition of a new quantum 
number, the hypercharge Y (related to the previ- 
ously used strangeness number 5 by Y ^ s + 
where B denotes the baryon number of the parti- 
cle; see Baryon), together with a new physical 
law. the conservation of hypercharge, which these 
nuclear processes satisfy but which these decay 
processes violate. For a further statement on the 
role of Y and the values assigned to various parti- 
cles, see Meson. The known strange particles are 
distinguished by having a nonzero value of s; for 
discussion of their production processes, reactions, 
and decay properties, see Hyperon. See also Ele- 
mentary particle; Symmetry laws (physics). 

[r. h. dalitz] 

Stratigraphic nomenclature 

A system of naming used by geologists in classify- 
ing the rock record of the geologic history of the 
earth. Sedimentary rocks, laid down layer by layer 
in seas, lakes, river floodplains, and elsewhere, are 
the principal record of that history. The record is 
complex, for rocks vary greatly not only vertically 
from layer to layer but also, though over greater 
distances, horizontally along the layers. 

From the first it was realized that any succes- 
sion of such layers represents a succession in time, 
the lower layers being the older (law of super- 
position, Steno, 1669). Accordingly, stratigraphic 
nomenclature has always attempted to express the 
time relations of the various layers as well as their 
intrinsic physical character. Extension of such time 
relations laterally from one succession to another is 
called correlation (see Stratigraphy). Within a 
local area the rocks can be correlated by tracing 
individual layers or groups of layers, but for great 
distances, especially from continent to continent, 
correlation depends on the proved generalization 
that the fossils in the layers of a given age differ 
from those in layers of all other ages (law of fau- 
nal succession, W. Smith, 1799; explained by the- 
ory of organic evolution, Darwin, 1859). 

Cateiorias of stratigraphic subdivisions. 
Schemes of stratigraphic nomenclature grew up 
rather haphazardly through the nineteenth century, 
but attempts to standardize them began late in j^at 
century. At present, two main schemes are preva- 
lent— a Nor^ American and a European — ^though 
considerable divergences remaih in the usage on 
each continent. In North America, a code of strat- 
igraphic nomenclature was published in 1933, and 
^ce 2946 die American Qmimission on Strati- 
IP^phie Ndmenclatore has been actively working 
to bihig il^t agreement on principles as well as 


uniformity in practice. No comparable body 
in Europe; a commission in Australia has i^b- 
lished a code agreeing in essentials with An^. 
can usage. Since 1952, the International Commis- 
sion on Stratigraphy has been preparing lexicons 
of the stratigraphic terms used on die various con- 
tinents. It is also trying to formulate grounds for 
international agreement oh principles and catego- 
ries of units. 

Continental European usage emphasizes time 
(as recorded by fossil content) as the chief basis 
for stratigraphic nomenclature. The stratigraphic 
subdivisions recognized are intended to embrace all 
layers laid down during a given time interval; in 
practice they include all layers containing the fos- 
sils of one fauna in the succession of fossil faunas. 
Table 1 gives a hierarchy of si^ch subdivisions. 
Stratigraphic units based directly on the physical 
character of the rocks without reference to time 
are recognized in European usage, but they are 
considered informal or only preliminary in nature. 


Table 1. Table of stratigraphic units 


Geologic-time units 

Time- 

stratigraphic 

units 

Rock- 

stratigraphic 

units* 

Era*t 

6 

(Group) t 

Period •t 

System*! 

(Forniation)t 

Epoch* t 

Series*! 

(Member)) 

Age*t 

Phase* 

Stage*! 

Zone*! 

(Bed)t 


* Continental European usage — scheme of stratigraphic 
units accepted by th& Eighth International Geological 
Congress in 1900. ^ 

t North American usage — scheme of stratigraphic units 
proposed by H. G. Schenck and S. W. Muller, 1941. 

" Units in this column do not correspond to any of the 
terms involving time. 

^ Group, in an older vemion. 

North American usage, on the other hand, con- 
siders that units based directly.en the characters of 
the rocks — rock-stratigraphic units — should have a 
separate formal status equal to that of the tiIn^ 
stratigraphic units (a dissenting minority would 
simply range them as lower members of the time- 
stratigraphic hierarchy). The rock-stratigraphic 
units are also listed in Table 1, but they should not 
be considered parallel to the other kinds of units in 
that table (as those kinds of units are to each 
other). Since 1950 the American Commission has 
sponsored a trend in North American usage to dis- 
tinguish between time-stratigraphie units, based on 
time in the abstract, and biostratfgraphic units* 
based only on fossil content; 2 x>ne and related 
terms are placed in the latter ^gategory anid stage* 
series, and system in the formm^ J^monters grgue 
that, beyond local basins of dofMiiPion, fossils are 
the only satisfactory clue to the time relations of 
rock successions, and that stage, series, and system 
are as much based on fossil content as zone. 

Usage in Australia and in mo^ major oil^prodoo- 
ing areas fends to agree with North Anteriesn 
usage. Theve also are advocates of this ^ 
Europe, esjteciaUy in Great Britain nnd 



via. Soviet usage, codified in 1956, is based on the 
European tradition, though with a few changes in 
terms* It recognizes the need for local units (series, 
suite, bundle) in addition to the units of the main 
time-stratigraphic scale. It assigns them only an 
auxiliary place, however, and the largest local unit 
used in any area is subordinated to the smallest 
unit of the main scale there used. 

Names of stratigraphic subdivisions. The 
stratigraphic nomenclatures discussed above were 
work^ out in and for the generally fossiliferous 
rocks deposited during the last 500,000,000 years 
(the Phanerozoic eon, the time since the appear- 
ance of the olenellid-archeocyathid fauna at the 
beginning of the Cambrian period). The rocks de- 
posited in earlier times (Cryptozoic eon or Pre- 
Cambrian time) contain no fossils that can be used 
in correlation. Attempts to classify those rocks 
into time-stratigraphic units, though numerous, 
have been mutually contradictory. Methods have 
been developed since the 1920s for determining 
rock ages in years by measuring radioactive miner- 
als for parent and daughter elements. See Radio- 
active minerals; Rock (age determination). 
The scarcity of suitable minerals in unaltered sedi- 
mentary rocks means, however, that ages so deter- 
mined generally indicate the dates of igneous in- 
trusions or of widespread metamorphism rather 
than of original sedimentary deposition; the meth- 
ods have errors of 5 per cent or more. 

Table 2 gives the subdivision of the Phanerozoic 
eon into eras and periods as now accepted almost 
throughout the world (the principal divergences 
are noted ) . 

The subdivision of the periods or systems into 
epochs or series is less uniform. Table 2 also gives 
a common subdivision of the Cenozoic era into 
epochs, but Paleocene and especially Holocene 
have met with much opposition. Some of the older 
periods (Jurassic, Triassic, Devonian, Cambrian) 


Table 2. Intarnationally aoMpted subdivisions 
of geologic tlmo (youngssi st top) 


£ras Perioda Epochs 


Cenosok 


'Quaternary (era*) 

Tertiary (era*) 


iPlekI 


Pakogene* 


Mesoaots^ 

Cfetaeeotts 
JauRMio 
Tiissric 
Fenniiin , 

Ckihoniferoiisj 
Devonian ' 

fPeniwjrlvaoiaiif 

tMMMipplaat 

i 

t^ntian J GotMawdiant . 

0tdavioiaB/"*’“^\0rdovidai4 



[Ganoilirian ' 



Current French usage. 

T Current North American usage, 
lyunent Frenoh and G^nMn ojmge. 
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are almost universally divided into three subdivi- 
sions, but for others (Cretaceous, Carboniferous) 
a division into two parts is preferred, or no agree- 
ment has been reached. Some of the epochs have 
their own special names; others are simply desig- 
nated Late, Middle, and Early (the series are Up- 
per, Middle, and Lower). 

Stages and zones are in general much more pro- 
vincial, though in a few systems, notably the Juras- 
sic and Cretaceous, the stages established in west- 
ern Europe have been recognized practically 
around the world. Stages mostly bear the names of 
places, commonly with the ending *‘-ian** (Mosco- 
vian, Oxfordian, Delmontian stages) ; eaidi zone 
bears the name of a characteristic fossil (the zones 
of Pseudoschwagerina, of Cardioceras cordatum^ of 
Hyracotherium ) . 

The rock-stratigraphic units of the North Ameri- 
can scheme are defined as lithogenetic units, that 
is, units formed under essentially uniform (or uni- 
formly alternating) conditions. As their principal 
purpose is to serve as units for detailed geologic 
mapping or local description (as in studies of cut- 
tings or cores recovered from oil wells), objectivity 
is of prime importance in their designation. They 
are named for geographic localities near which 
they are typically exposed; such type sections play 
much the same role that type specimens play for 
the units of biological nomenclature. No two units 
in the same country are supposed to bear the same 
geographic name, and priority is generally ac- 
cepted as a principle of nomenclature, though more 
exceptions are permitted than in biology. The term 
for the principal rock type present may also be 
part of the name (Knox dolomite group, Austin 
chalk, Monterey formation). For groups and for- 
mations, formal naming according to this scheme is 
now considered obligatory, but for members it is 
optional, and the names of beds are considered out- 
side formal stratigraphic nomenclature. 

The general principles of rock-stratigraphic no- 
menclature are also extended to igneous and met- 
amorphic rocks. The units are in all ways contpa- 
rable to rock-stratjlgraphic units in sedimentary 
rocks. Nonsedimentaty rocks are also assigned to 
time-stratilill^l^ic units (for metamorphic rocks, 
based on th6 time of their original formation, not 
their metamorphism). Except for the volcanic igne- 
ous rocks, however, it is rarely possible to assign 
them with any precision. 

[j. dodgers] 

; Bibliography: Ame^ii^n Commission on S^ati- 
graphic Nomenelature^ Code of stratigrtj^c 
nomenplature, RulL Am. Asooc. Petrol. 

45(5) lifiUeS, 1961. ' 

The brandk of tli« s^enee of g^logy that rtiSes 
hyend or ■tratifiea rooitt. Cbfeiy it eoiwenu 
sediiiiiBntaiy Tocix, but ita ptrindplM may aldt be 
applied' to 'layered igaeotw rook% wieh as lavad.aad 
t^s, and to metamoi^bio' recics diat irere lomaed 
from aedimeidary or <.olciiue rodu. b 4Mda|widi 
die obaeried. iiiMnselstiiniia of the.Iayeift of 
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rocks and with the historical conclusions that can 
be inferred from those interrelations. Other aspects 
of sedimentary geology are sedimentary petrog- 
raphy (the study of the materials composing sedi- 
mentary rocks) and sedimentation (the study of 
the processes by which sediments are formed at 
present) . No sharp line can be drawn between these 
subjects, however, and each depends in part on the 
conclusions of the others. See Sedimentary rocks; 
Sedimentation (geology). 

Objectives of stratigraphy. The first task of 
stratigraphy is the description of local sequences 
of strata; from these descriptions local geologic 
history Can be inferred by using the law of super- 
position, which states that in a local sequence of 
rock layers, the lower ones are the older. First 
deduced by N. Steno (1669), the law is amply 
established by studies of sedimentation. 

The second task of stratigraphy is the correlation 
of these local sequences, that is, the determination 
of their mutual time relations and the integration 
of the local histories into a regional or world-wide 
chronologic framework. Correlation can be ac- 
complished in several different ways, but histori- 
cally much the most important has been by fossils, 
using the law of faunal succession, which states 
that rocks with the same fossil fauna or flora in 
different parts of the world are of roughly the same 
age (the converse is only partially true). First 
empirically worked out by W. Smith (1799), this 
law has been verified in all parts of the world and 
is now explained by the theory of organic evolu- 
tion as the expression of the gradual development 
of organic life on earth (Darwin, 1859) . 

The third task of stratigraphy is interpretation 
of the geologic history of the earth from the scat- 
tered data of local sequences and criteria of cor- 
relation. The conclusions of sedimentation, sedi- 
mentary petrology, and plant and animal ecology 
provide clues for this interpretation in accordance 
with the principle of uniformity. Other branches of 
geology providing pertinent data include struc- 
tural geology, geomorphology, and igneous and meta- 
morphic petrology. This aspect of the subject merges 
with (and is often called) historical geology. 

Applications of stratigraphy. Stratigraphy is of 
great practical value. Many of its basic principles 
were first discovered by copper miners in central 
(^rmany and coal miners in Great Britain, and 
they are obviously applicable to bedded mineral 
deposits of all sorts (for example, coal, iron ore, 
and phosphate). Stratigraphy’s greatest extension 
has cojne about, however, through its application 
to petroleum exploration. Oil and natural gas oc- 
cur almost exclusively in stratified rocks; the oil 
and gas are entrapped mainly where permeable 
strata are overlain and laterally surrounded by 
impermeable strata, the favorable configuration of 
strata being produced by original deposition dif- 
ferences, by later changes in porosity or permeabil- 
ity, by later warping or breaking of the strata, or 
by various combinations of these. Wells drilled to 
tap such trapped accumulations yield much infor- 
mation on the strata penetrated, and new methods 


for obtaining more information from them are 
stantly being devised. As a result, the stratigm^y 
of oil-bearing regions is no longer dependent on 
observations at the earth’s surface but can he 
studied in three dimensions in considerable detail 
Theoretical conclusions. Several important gen. 
eral theoretical conclusions about the history of the 
earth can be drawn from stratigraphy; most of 
these are expressions of the principle of uniformity, 
of which stratigraphic succession is one of the best 
exemplifications. In general, tbe same conditions of 
sedimentation — marine and nonmarine — have pre- 
vailed throughout the decipherable stratigraphic 
record (probably roughly 3 X 10® years). At one 
time the oldest rocks were thought to display 
unique characters, but this view has now been 
fairly well discredited. As a corotlpry, liquid water 
has always been a major agent of erosion and 
sedimentation, and hence the average temperature 
of the earth’s surface must have been within the 
range of liquid water over the same time span, and 
presumably the earth’s climatic pattern in the past 
could not have been very different from today’s. 

Stratigraphy is also responsible for the major 
generalization that great mountain ranges coincide 
with former belts of exceptionally thick sedimen 
tary rocks, deposited in long but relatively narrow 
linear troughs called geosynclines. The nature of 
the genetic relation between geosynclines and the 
subsequent mountain ranges is still controversial 
and is the subject of continuing investigation. Also 
for many years the record was believed to show 
that virtually all marine deposits now found on the 
continents, including those in geosynclines, were 
formed in shallow seas spreading over the conti 
nental blocks rather than in deep ocean basins or 
troughs and hence that continents and ocean basins 
are permanent features of the earth’s crust, geo- 
synclines being accidents within the continental 
masses. Studies during the 1950s suggest, however, 
that many sedimentary rocks involved in mountain 
ranges were deposited in deep water, in deep linear 
troughs associated with island arcs off the edges of 
continents, like those of the present East and West 
Indies (but not in open ocean basins far from the 
continents) . The further conclusion has been drawn 
by many that the continents have accreted spas- 
modically through geologic time by the incorpora- 
tion of such island-arc-trough systems into the 
continent in the process of mountain building, 
followed by the development of new systems along 
the new continental borders. See Geosyncline; 
Orogeny ; Tectonic patterns. 

Finally, stratigraphy provides a record, though 
incomplete, of the ever-increasing complexity and 
development of life during the last 500,000,000 
years of the earth’s history, including some of 
the most impressive evidence for the theory of or- 
ganic evolution. See Evolution^ organic. 

Bibliography \ C. 0. Dunbar and J. Rodgers, 
Principles of Stratigraphy^ 1957 ; W. C. Krumboin 
and L. L. Sloss, Stratigraphy and Sedimentation 
2d ed., 1961; J. M. Weller, Stratigraphic Prind 
pies and Practice^ 1960. 
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jtratosphaw 

tegion of the atmosphere lying above the tropo* 
phere and tropopause with isothermal or very 
table temperature gradients; discovered by Teis- 
prenc de Bort. By convention the upper boundary 
s often placed at 50 km where, in middle and high 
atitudes, the temperature gradient becomes more 
positive. The stratosphere is very dry compared 
rith the troposphere, and clouds are extremely 
are. High winds are present, but there may be 
ittle turbulent mixing. The seasonal temperature 
ange increases rapidly with height. The classical 
heories of E. Gold and R. Emden assume that the 
tratosphere is in radiative equilibrium. See At- 
iosphkre; Meteorology; Tropopause. 

Bibliography: R. M. Goody, The Physics of the 
Stratosphere^ 1958. 

Strawberry 

.ow-growing perennials, spreading by stolons, with 
riiit consisting of a fleshy receptacle, and ‘‘seeds” 
n pits or nearly superficial on the receptacle. 

The strawberry, as known in the United States, is 
lerived from two species, Fragaria chiloensis, 
vhich grows along the Pacific Coast of North and 
n)uth America, and F, virginiana, the eastern 
neadow strawberry, both members of the plant 
)rder Rosales. These species were apparently 
Tossed in Europe in the early eighteenth century, 
ind some of the hybrid offspring brought back to 
'forth America. The European strawberry is a 
»maller-fniited type, usually grown from seed. See 

"RUIT fBOTANY); SeED (BOTANY). 

Distribution and impoitance. The strawberry is 
he most universally grown of the small fruits, both 
n the home garden and in commercial plantings. 
5ec Fruit growing (small). Home garden pro- 
Inction is possible in nearly all of the states pro- 
vided water can be supplied where rainfall is in- 
luffioient. Commercial production is important in 
probably three-fourths of the states. Although the 
icreage may vary greatly from year to year, the 
ollowing states are large producers: Oregon, Cali- 
ornia, Tennessee, Michigan, Louisiana, Washing- 
on, Arkansas, Kentucky, and New York. The crop 
s worth over $50,000,000 annually. 

Pi^pagation and harvesting. Strawberries are 
Propagated by removing the runners, which form 
jaturally, and setting them into new fields. See 
^tem (botany). In many cases a new planting is 
oade each year, produces fruit the following year 
*od is then plowed under. However two annual 
'rops may be produced from one planting, and 
jometimes as many as three or four. Harvesting is 
lone by hand. A large part of the crop is sold 
a small amount made into preserves, and a 
®rge quantity frozen (see Food engineering) . 

Most varieties produce their crop in early, sum- 
the picking season lasting about 2 weeks in 
•00 North, but much longer in the South. In Florida, 
™ to some extent in the other Gulf states, plants 
be set in the fall and produce fruit throughout 
«o;^inter {see Reproduction, plant). In Cali- 


fornia the picking season extends over several 
weeks. Other varieties, usually limited to home 
garden production, produce flowers more or less 
continuously in the North, hence the term “ever- 
bearing” strawberry. See Flower (botany) . 

Strawberry breeders have been active since the 
earliest introduction of the present cultivated fruit, 
all of our important varieties now being the result 
of controlled crosses. See Breeding (plant). 
Strawberry varieties are usually adapted to rather 
limited areas so that different varieties are grown 
in each producing section, although a few seem 



Strawberry, (a) Flower, (b) Fruit. (From L H. Bailey, 
ed,. The Standard Cyclopedia of Horticulture, vo/. 3, 
Macmillan, 1935) 

adapted to more than one area. Varieties commonly 
grown in the South will produce during the short 
days of winter, whereas northern varieties will not 
fruit normally during short days (see Photoperi- 
ornsM in plants). [j. h. clarke] 

Strawberry diseases. Strawberries are afflicted 
with root rots, leaf spots, and fruit rots, which vary 
in geographic distribution, destructiveness, and 
economic importance. 

Root diseases. Black root, most common of the 
fungus root rots, may be caused by species of Fusa- 
rium, Rhizoctonia, V erticillium^ or by Coniothy- 
rium fuckelliU and Hainisia lythri. See Fungi; 
Root (botany). No single organism is implicated 
as the primary pathogen, but Rhizoctonia and Fu- 
sarium are^^e most frequent ones. Verticillium 
also causes a wilt of strawberry in England and in 
California. 

Tfie most dangerous root disease, red stele, is 
caused by Phytophthora fragariae. Diseased plants 
have “rattail” root systems with few rootlets. Root 
tips die and turn brown, while the central cylinder, 
or stele, of the root is red (see Cortex, plant; 
Stele). A field once infested with the fungus is 
useless for strawberry production for many years. 
Resistant varieties are available (see Plant dis- 
ease control). 

Nematodes cause root lesions leind root knot and 
such diseases as spring and summer dwarf (see 
Nematoda)^ Their importance in commercial pro- 
duction is not known. 

Foliage diseases* Prevalent fungus disease! of 
strawbeiry arercommon leaf spot (MycosphaerMa 
fragariae)^ leaf scorch (piploearpon earluma)^ 
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and leaf blight (Dendrophoma ohscurans) , Leaves, 
leaf and fndt stalks, stolons, calyxes, and fruit caps 
are attacked. Leaf blis^t occasionally causes fruit 
deterioration. See Leaf (botany). Powdery mil- 
dew (Sphaerotheca macularis) is of minor impor- 
tance in the United States. Leaf-spot diseases re- 
duce yield and grade of marketable berries and 
weaken the runner plants. 

Viruses occur in all commercial strawberry varie- 
ties and in wild species of Fragaria {see Plant 
vtnus). Certain virus strains and combinations of 
strains deform foliage and reduce plant vigor, 
stolon formation, and yield. Virus-free varieties 
can be grown. 

Fruit diseases. Greater losses result from fruit 
rots than from all other diseases combined. Gray 
mold {Botrytis cinerea)^ tan rot {Pezizella lythri), 
leathery rot {Phytopkthora cactorum)^ and brown 
rot (Rhizoctonia spp.) may be common and severe 
in the field. Leak (Rhizopus nigricans) probably is 
the most important market disease. See Agricul- 
tural SCIENCE (plant) ; PlANT DISEASE. [t.H.K.] 

stream gaging 

The measurement of stream flow. A stream-gaging 
station is a particular site on a river where a record 
of stream flow is obtained. It usually consists of an 
instrument installation to record the fluctuating 
water level and also consists of facilities for mak- 
ing current-meter measurements of discharge. The 
discharge of a river is measured in the field by a 
direct observation of velocity and of the cross-sec- 
tional area through which this velocity is applica- 
ble. By definition, discharge is the product of mean 
velocity times cross-sectional area. In English 
units, the velocity is expressed in feet per second, 
cross section in square feet, and thus discharge is in 
cubic feet per second. 

Velocity is measured by a current meter, an in- 
strument with vanes, blades, or rotor cups that turn 
a shaft at a rate depending on the speed of the wa- 
ter. Each rotation of the shaft causes a click audi- 



Ptica current meter and 3Q-lb C'^pe sounding weight. 
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ble in an earphone worn by the observer. Hie ntun. 
ber of clicks in a clocked period of time can^be 
translated into velocity by a calibration table. 

Direct measurements of discharge by current 
meter are made periodically, usually once a month. 
To compute the flow during the intermediate pe. 
riod, it is necessary to observe the stage (elevation 
of water surface), which fluctuates in response to 
storms and ground-water yield to the stream. This 
is done by a water-stage recorder, which makes a 
graphical record of water level in a well that is 
connected by an open pipe to the natural stream. 
Fluctuations of water surface are followed by a 
float connected by a wire to the recorder. 

The stage record traced by pen on a clock-driven 
paper is translated into dischsfge by use of a 
graphical relation of stage to disdbarge established 
by the successive direct measurements made with 
current meter. 

In 19S8, about 7000 gaging stations on rivers in 
the United States and its territories were main- 
tained by the U.S. Geological Survey. A much 
smaller number of stations is maintained by a few 
state, international, and other federal agencies. 
The earliest stream-flow records in the United 
States began about 1890. 

A stream-flow record is a time sample of fluctuat- 
ing river flow, and is subject to the same principles 
that govern the use of sampling techniques in 
other fields. Modern stream-gaging networks are 
based on the principle that a primary permanent 
net of selected stations will provide long-term sam- 
ples of time varia^ns. Other roving or satellite 
stations are maintained long enough at a given 
place to provide a correlation with one of the pri- 
mary stations. The roving station can then be 
moved to sample another location. After the corre- 
lation is established, estimates of flow characteris- 
tics sufficiently accurate for most purposes can be 
made by utilizing the record at a primary station in 
conjunction with the correlation graph. See Hy- 
drology; Surface water. [l.b.l.] 

Stream transport and deposition 

The sediment debris load of streams is a natural 
corollary to the degradation of the landscape by 
weathering and erosion. Eroded material reaches 
stream channels through rills and minor tributaries, 
being carried by the transporting power of running 
Water and by mass movement, that is, by slippage, 
slides, or creep. The size represented may vary 
from clay to boulders. At any place in the stream 
system the material furnished from places upstream 
either is carried away or, if there is insufficient 
transporting ability, is accumulated as a deposi* 
tional feature. The accumulation of deposited de- 
bris tends toward increased ease of movement, and 
this tends eventually to brii||.^^fe<bi^nce the 
transporting ability of the. stiW^^tf ^the 40 bnfi 
load to be transported, 

Stream loeds. Qecause streams form and adjti^ 
their own channels, the debris load to be carried 
and the ability to carry loaid tend to readi 
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jnaintain a qfiasi-equilibrium. A reach of stream 
(part of the course) which attains this equilibrium 
ja considered graded* 

Much has been written concerning the concept of 
the graded stream. At one time absence of water- 
falls or other discontinuities of longitudinal profile 
^ag considered necessary and, in fact, evidence for 
the condition of grade. Because much remains to 
|)e learned about the mechanics of debris trans- 
portation, the criteria for the graded condition may 
be expected to be extended and revised. In the 
present state of knowledge, however, it appears 
acceptable to think of reaches or segments of chan- 
nel being graded, even when separated by reaches 
not so adjusted. A graded stream is one in which, 
over a period of years, slope and channel character- 
istics are delicately adjusted to provide, with avail- 
able discharge, the shear forces required for the 
transportation of the load supplied from the drain- 
age basin. 

Two terms which have been useful to geologists 
and engineers dealing with rivers are competence 
and capacity. Competence was used by G. K. Gil- 
bert to mean the ability to move debris, and its 
measure is the maximum size of material which can 
barely be moved. Capacity of a stream is the total 
load which it can carry under given conditions and 
is measured as weight of debris moved per unit of 
time. The usefulness of these terms has lessened 
with demand for increasingly quantitative descrip- 
tion of stream action. Direct measurement of the 
total load of a stream is not possible with present 
instrumentation. Sampling equipment now in gen- 
eral use measures only the suspended portion of the 
debris and not that moving close to the streambed. 
Thus, except in special situations, the carrying 
capacity of a stream cannot be precisely measured, 
and available theory allows only an approximation 
of total load by computation. 

The maximum size of debris which can be carried 
varies, depending on subtle variations of several 
factors. Thus competence, a highly useful concept, 
cannot be determined with satisfaction either in the 
field or by computation. The concepts implied by 
these terms will gain even greater value and im- 
portance as both theory and field measurement 
techniques improve. The following review of the 
present status of theory of debris transport will 
perhaps indicate how the usefulness of these con- 
cepts depends greatly on ability to determine quan- 
titative values for them. 

Debria transport theory and application. Debris 
transport is inextricably associate with the hydro- 
>nechanics of flow in open channels. It is now known 
that the introduction of sediment grains into a fluid 
alters in an important manner many of the hydrau- 
lic relationships which applied to a fixed bed. For 
example, in a movable-bed channel, boundary 
roughness is not merely the rugosity of the; non- 
ai^oving bed and banks. Once the particles begin to 
the shear-resisting flow is altered. Paiticles 
^an assume many different configurations, mong 
^hich are dimes or ripples or a plane* and. these 
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bed forms depend on the transportation prooMk^ 
Thus the resisting shear at the bM>undary depcp^^ 
on the debris transport itself. See Channel, 

When shear applied by water to a grai||m|^ ^ 
uniform-size particles becomes sufficient 
layer of grains, successive layers do niii^")^pigtes- 
sively peel off indefinitely. After some layers are 
put in motion, an equilibrium is reached. Transport 
then continues without further degradation. R. A. 
Bagnold showed by theory and experiment that the 
grains in transport add a new force normal to the 
bed which holds the particles exposed at the bed 
against the stress of the overlying fluid-grain mix- 
ture. This force, the dispersive stress between 
sheared grains, makes a fundamental difference in 
the stress structure between fixed and movable-bed 
channels. 

Despite important advances in theory since 1950, 
it is possible to compute only approximately the 
rate of transport in open channels from hydraulic 
parameters and physical measurements of the chan- 
nel and the debris. Though the available methods 
give reasonable results in some instances, consist- 
ently acceptable results are not yet obtainable. 

From considerations of probability analysis and 
fluid mechanics H. A. Einstein published in 1950 a 
formula and a computational technique to estimate 
total debris load of a stream. The scheme presented 
certain difficulties in application owing in part, at 
least, to the fact that not all of the needed pa- 
rameters are measured, to the use of certain empir- 
ical relations which are not adequately defined, to 
tedious computational procedures, and to the fact 
that the results obtained were often widely at vari- 
ance with measured load when direct checks on the 
procedure were possible. 

In an attempt to make the Einstein equations 
more amenable to practical use, field engineers of 
the U.S. Geological Survey, using available direct 
measurements of total load, developed a simplified 
approach known as the modified Einstein proce- 
dure. This appears to give somewhat better agree- 
ment with direct measurements in addition to being 
simpler. It is used by specialists in many engineer- 
ing problems involving sediment transport, even in 
the knowledfip that the results are not completely 
satisfactory. 

Agpignificant advance in theory of sediment trans- 
port is the 1956 paper of R. A. Bagnold. His suc- 
cess in formulating a rational theory is indicated 
by the fact that the general equations for transport 
4>f unigranular (single. size) cohesionless particles 
fit the transport of sand grains by wind and the 
transport of grains of a variety of densities in 
water, a# Veil as some slurries. But the Bagnold 
equations bannot be applied directly to computa- 
tion of total load in natural streams because tShey 
treat only a grain-bed pf uniform size. 

Research is needed to learn more about the iofter- 
action effects of grain-mixlures and to adapt imh 
knowledge into oomputational procedures. 
the effects of cohesbn and binding caused by; tilt 
and day in stream debris rniist be s^ied. Res^eh 
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ia stream transport has assumed new impetus in the 
decade beginning with 1950, and rapid advance- 
ment in the field may be expected. See Fluvial 
EROSION LANDFORMS; SeDIMFNTATION ( GEOLOGY ). 

[l.b.l.] 

Bibliography: R. A. Bagnold, The flow of cohe- 
sionless grains in fluids, Phil. Trans. Roy. Soc 
London, ser. A, 249(964) :235-297, 1956; B. R. 
Colby and C. H. Hembree, Computations of Total 
Sediment Discharge Niobrara River near Cody, 
Nebraska, IJSGS Water Supply Paper 1357, 19.55, 
H. A. Einstein, The Bed-Load Function for Sedi- 
ment Transportation in Open Channel Flows, 
USDA Tech. Bull. 1026, 1950; G. K. Gilbert, Trans- 
portation of Debris by Running W ater, USGS Pro- 
fess. Paper 86, 1914. 

streaming potential 

The potential which is produced when a liquid is 
forced to flow through a capillary or a porous 
solid. G. H. Quincke (1859) found that the electro- 
motive force produced by the sti earning of pure 
water under a given pressure through a clay plate 
is independent of the size and thickness of the 
diaphragm and of the amount of water forced 
through the diaphragm ; the electromotive force is, 
however, proportional to the pressure. 

The streaming potential is one of four related 
elertrokinetic phenomena which depend upon the 
presence of an electrical double layer at a solid- 
liquid interface. This electrical double layer is 
made up of ions of one charge type which are hxed 
to the surface of the solid and an equal number of 
mobile ions of the opposite charge which are dis- 
tributed through the neighboring region of the 
liquid phase. In such a system the movement of 
liquid over the surface of the solid produces an 
electric current, because the flow of liquid causes 
a displacement of the mobile counter ions with 
respect to the fixed charges on the solid surface 
The applied potential necessary to reduce the net 
flow of electricitv to zero is the streaming potential 

The principal objective of streaming potential 
measurements is the evaluation of zeta-potentials 
at solid-liquid interfaces The relationship which 
may be used for this purpose is 
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where { is the zeta-potential, E is the streaming 
potential, is the viscosity of the liquid, k is the 
conductance of the liquid as it exists in the capil- 
lary system, P is the applied pressure, and D is 
the dielectric constant of the liquid. 

An apparatus used by R. A. Gortner for measure- 
ment of streaming potentials at cellulose- water and 
alumina-organic liquid interfaces is shown in the 
illustration. Perforated gold or platinum electrodes, 
ex and eg, are located on either side of a pad of 
compacted powder or fibers of a selected solid in 
diaphragm D. Liquid is forced by compressed air 
to ^w from reservoir Rx through the solid and into 
reservoir Rt. The potential between the electrodes 
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Cl and C 2 is measured with an electrometer-potcn 
liomeler system This potential is the streaming 
potential E 

In systems containing concentrations of elec 
trolyte above 10 ’ N, streaming potentials are too 
low to be measured ac c uratelv. Then, the current 
produced by the streaming liquid may be used to 
evaluate the zeta-potential. For capillaries of 
known dimensions, the following relationship for 
zeta-potential applies : 
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where / is the streaming current, L is the length of 
the capillary, and A is the cross-sectional area of 
the capillary For porous solids of unknown capd 
lary dimensions, the ratio L/A in Eq. (2) may bf 
evaluated by measuring the resistance R of the 
diaphragm impregnated with a liquid of known 
electrical conductance k. The relationship ia 


L/A « kR 

The zeta-potentials obtained from Eqs. (1) 

(2) are valid only when th^^fiow of the Ufl***^ 
through the diaphragm is lamtoar And whcN 
radius of curvature of the pores is greater thaw ^ 
thickness of the double layer. See ELECTROKlt^^^ 
phenomena; Electroosmosis. 



Strtamline flow 

A condition of fluid flow characterized by the ab- 
sence of turbulence. Other designations employed 
are laminar flow or viscous flow. 

Fluid flow particles in streamline flow follow 
well-defined continuous paths or streamlines. At a 
fixed point in streamline flow, the flow velocity 
either remains constant (steady flow) or varies in 
a regular fashion with time (unsteady flow). In 
turbulent flow the velocity at a given point exhibits 
irregular, high-frequency fluctuations with time. In 
some instances, streamline flow can best be de- 
picted as formed from thin layers of fluid which 
slip past each other (lamellar flow). As an illustra- 
tion, streamline flow in a straight pipe might be 
considered as formed from layers in the shape of 
concentric annuli. If the flow can properly be 
represented by thin, plane layers (laminae) sliding 
past each other, the flow is commonly referred to as 
laminar flow although this term is often used to 
designate streamline flow in general. 

The persistence of streamline flow in a given sys- 
tem is largely dependent on the value of a non- 
dimensional parameter called the Reynolds num- 
ber. defined as pLU/fx where p is the fluid density, 
f is a reference flow velocity, L is a reference 
length, and p. is the coefficient of viscosity. When 
the Reynolds number of a particular flow exceeds a 
certain value (the critical Reynolds number), tran- 
‘•iiion from streamline flow to turbulent flow gen- 
erally take.s place. 

Under special circumstances flow may alternate 
between streamline flow and turbulent flow. This 
phenomenon is readily observed in pipe flow when 
the Reynolds number approaches the critical value. 
The pipe flow may become locally turbulent, the 
turbulent region passing downstream as a plug fol- 
lowed by streamline flow. As the plug leaves the 
pipe, the entire process is repeated. 

It is possible for both streamline flow and turbu- 
lent flow regimes to exist simultaneously in fluids 
with low values of viscosity, such as air. In such 
fluids, frictional effects are often confined to thin 
layers of fluid, known as boundary layers, in the 
immediate neighborhood of the bounding surfaces. 
The boundary layer may be locally turbulent while 
the flow in the mainstream away from the surfaces 
be streamline flow. See Boundary-layer 
now; Fluid mechanics; Laminar flow; Stream- 
lining; Turbulent flow. [a.g.ha.] 

bibliography: S. Pai, Viscous Flow Theory^ vol. 
II Prandtl and 0. G. Tietjens, Applied 

hydro- and Aeromechanics^ 1934; H. F. P. Purday, 
^^reamline Flow, 1949. 

Stitamlining 

contouring oi a body to reduce its resistance to 
: ®®tion through a fluid. The resistance to motion is 
: to as the drag of the body, 

int Streamlining of a body must take 

. 0 account the nature of drag forces. Drag forces 
I ® types: induced drag, wave drag, pres- . 
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sure (or form) drag, and skin friction. Induced 
drag is usually important for finite lifting surfaces 
such as wings; wave drag is important for bodies 
moving at supersonic speeds. Bodies moving at sub- 
sonic speeds are influenced by pressure drag and 
skin friction. 

Pressure drag is caused by inequalities in pres- 
sure forces acting in the direction of motion of the 
body, A body moving with uniform velocity through 
an ideal fluid (incompressible and nonviscous) ex- 
periences no pressure drag (see d'Alembert's 
paradox). In a real fluid, however, the action of 
viscosity tends to cause the flow to separate from 
the surface of the body with the consequent forma- 
tion of a region of swirling or eddy flow termed 
the body wake. This eddy formation leads to a 
reduction in the downstream pressure on the body 
and hence gives rise to a force opposite to the body 
motion. 



Fig. 1. Flow regions about a body in uniform sub- 
sonic flow. 

Skin friction drag results from the frictional 
dissipation of energy due to fluid viscosity (see 
Skin friction). For fluids with relatively low 
viscosity such as water and air, effects of viscous 
friction are confined to a thin layer of fluid on the 
surface. See Boundary-layer flow. 

Under the influence of pressure gradients op- 
posite to the direction of motion, the flow within 
the boundary layer tends to reverse and flow in an 
upstream direction. As a result, flow separation, 
mentioned earlier, occurs. Figure 1 shows the 
boundary-laytq* region, separation point, and wake 
region behind a body in uniform flow. 

SultfOnic streamlining. In general, the s^ream- 
]inin*g of a body in subsonic flow is the contouring 
of the body in such a manner that the wake is re- 
duced to a minimum. Drag is then mainly the re- 
sult of skin friction. Because one of the main causes 
of flow separation, and hence wake formation, is 
rapid deceleration of flow along the body, the 
contouring fnust make deceleration gradual. These 
consideratiohs lead to the following general rules 
for streamlining: (1) the forward portion of the 
body should be well rpunded, and (2) the body 
should curve back gradually from the forward sec- 
tion to a tapering after-section with the avoidahee 
of sharp corners along the body surface. These (Au- 
ditions are well illustrated by teardrop shi4>c» 
(Fig. 2). U,c.rtA.} 
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SuportCNiic stroamlining. At supersonic speeds 
the airflow can accommodate sudden changes in 
direction by being compressed or expanded. Un- 
like subsonic flow, the air does not change direc- 
tion until the most forward point of the body has 
passed. This is because the body is traveling faster 
than the speed at which pressure waves propagate 
in air (speed of sound). Where this change in di- 
rection first occurs, a compression wave is created, 
the strength of which depends upon the magnitude 
of change in direction, which in turn depends on 
the angle or sharpness of the nose of the body. 
The sharper the nose, the less the change in direc- 
tion and the weaker the compression shock wave 

When the flow changes direction again at the 
midpoint of the body, the air will expand to follow 
the shape of the body (Fig. 3). This change in 
direction creates an expansion shock wave. At the 
tail of the body the direction changes again, creat- 
ing a compression shock wave. At each of these 
shock waves, changes in pressure, density, and 
velocity occur and in this process energy is lost. 
This energy loss results in wave drag. 

Bodies which are streamlined for supersonic 
speeds are characterized by a sharp pointed nose, 
a sharp pointed tail, and a minimum number of 
direction changes between the nose and the tail. 
This requirement for a minimum number of 
changes in direction results in the nose and tail 
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Pig. 3. Shock waves oboiif a streamlined body at 
Miperionlc speed. 


being joined by straight lines. Because the intensity 
of the shock wave and the drag is dependent u)>on 
the magnitude of change in direction, the nose and 
tail are as sharp as is practicable and the width or 
thickness of the body is minimal. 

When a body, streamlined for subsonic speed 
operates at supersonic speeds, the blunt nose of 
the body causes the impinging air to turn at too 
great an angle to sustain an attached oblique 
shock wave, as in Fig. 3. Thus, a strong shock 
wave, normal to the initial flow direction, is formed 
ahead of the body (Fig. 4). The region between 



Fig. 4. Flow about o body streamlined for subsonic 
flight traveling at supersonic speed. 

this detached normal wave and the body is made up 
of air now moving at subsonic speeds and flowing 
around the blunt nose in characteristic subsonic 
fashion. The intensity of the shock wave is much 
greater than the intensity of the waves shown in 
Fig. 3. The changes in pressure, density, and 
velocity are also large and the energy loss and cor 
responding wave drag are much greater than for a 
body designed for supersonic flight. See Airplanf, 
Shock wave; Sonic barrier; Superaerodynam 

ICS. [R.C.BO ] 

Bibliography: F. J. Bay ley. Introduction to 
Fluid Dynamics, 1958; R. A. Dodge and M. J 
Thompson, Fluid Mechanics, 1937; S. Pai, 
duction to the Theory of Compressible Flow, 1959 

Strength of materials 

A branch of applied mechanics concerned with the 
behavior of materials under load, relationships 
between externally applied loads and internal 
resisting forces, and associated deformations 
Knowledge of the properties of materials and anal* 
ysis of the forces involved arc fundamental to the 
investigation and design of structures and machine 
elements {see Structural materials; MacHI^b 
design). Mathematical application of principle®®* 
mechanics is supplemented by cxperimentalh 
determined properties of moMiriala and other 
pirical constants. 

Investigation of the resistance of a membmr, 
ing with internal forces, is called free-body 
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g,8 In it* principles of statics are applied to 
imaginary isolated segments of the loaded mmnber 
(see Statics). Determination of the distribution 
and intensity of the internal forces and the as- 
sociated deformations is called stress analysis. See 
Stri-s*^ and stbain. 

Internal reactive forces developed in response to 
straining actions depend on the magnitnde and 
nature of the loads. The four possible straining 
actions are (1) tension or compression^ which 
lengthen or shorten the member; (2) shearing, 
which produces sliding or angular distortion along 
the plane of applied tangential forces; (3) bend- 
ing. in which couples or bending moments produce 
change in curvature; and (4) torsion, in which 
couples acting normal to the axis twist the member. 
See B fnding moment; Shear; Torsion. 

A material offers resistance to external load only 
insofar as the component elements can furnish co- 
hesive strength, resistance to compaction, and re- 
mstance to sliding. The relations developed in 
strength of materials analysis evaluate the tensile, 
compressive, and shear stresses that a material is 
( ailed upon to resist. The most important factors in 
determining the suitability of a structural or ma- 
chine element for a particular application are 
strength and stiffness. 

Applications of fundamentals can be broadly 
classified as (1) investigation of members with 
known dimensions and materials to determine their 
abiluy to resist prescribed loads without excessive 
deformation, instability, or fracture, and (2) selec- 
tion of suitable materials and determination of 
shape and dimensions of a member to perform a 
prescribed function involving known or estimated 
external loads Design is the prediction of suitabil- 
ity for a prescribed function. rw.j.KR.] 

Streptococcus 

K genus of bacteria of the family Lactobacillaceae. 
Microorganisms of the genus Streptococcus are 
«ell distributed in nature to include many strains 
which are pathogenic, or disease-producing, for 
man, other mammals, birds, and insects. There are 
strains which are generally harmless parasites but 
can cause severe infections under special circum- 
stances which apply to the host. Some are con- 
sistently harmless, and a few are decidedly help- 
ful The combination of ubiquity and range of 
activities explains the sustained attention these 
harteria receive. See Lactobacillaceae. 

Morphology. Streptococci are seen under the 
nucToscope as round cells which stain a deep blue 
Mlor with Gram’s stain and axe arranged in chains. 
lAains are the result of cellolar division in only 
uue plane with an inherent proneneas of the units 
u remain attached. This typicid diain fMmatiQii 
uu the round to ovdd shape of the single 
^ will quite accurately identify the Streptococ- 

^ f’^uteria are gram-positive in that they retain 

c blue color of Gram’s lUfferential baetmial stain 


and are not decoloriaed during the «*«*"*»g pro- 
cedure to absorb the pink color of the counter dye. 
In addition they are not dissolved by bile or bile 
salts. Hius, total appearoBce as to shape, arrange- 
ment, and color, with resistance to the acdon of 
bile by test, places microorganisms in the genus 
Streptococcus. Set Gbam’s stain. 

Oxygen relationship. Streptococci are usually 
aerobic and can be readily grown on culture me- 
diums under ordinary atmospheric conditions. 
There are anaerobic strains which demand a dimin- 
ished amount of oxygen for growth and some strains 
which are intermediate. The aerobic strains are the 
most numerous and the most important Also more 
is known about them since study is not limited by 
the factor of growth. 

Growth media. Streptococci multiply readily 
when the growth medium is adequate. Beef heart 
infusion agar with rabbit’s blood and its liquid 
equivalent without agar will readily support the 
growth of streptococci. This is a practical medium 
but actually not a simple one in view of the con- 
tained elements. However, they are necessary be- 
cause the requirements of streptococci are higd) 
when compared to microorganisms in general. 

Growth on solid media. Discrete colonies grow 
on the surface of a blood agar medium after 18-24 
hours of incubation at 37.5°C Each colony meas- 
ures 1-2 millimeters in diameter and is grayish to 
greenish white. Streptococcal colonies are de- 
scribed as matt or glossy. Glossy varieties are more 
smooth and white, while matt colonies are rough 
and gray. After two or more days the edge of the 
matt colonies may lift and curl from the medium 
to give a cigarette-ash appearance. 

Growth in liquid media. Multiplication of or- 
ganisms in beef heart infusion broth is either dif- 
fuse (cloudy) or granular. Granularity of appear- 
ance results from the formation of very long cltains 
which become entangled. The rabbit-blood cells at 
the bottom of the tube may be unchanged, appear 
purple, or be quite completely destroyed to give 
the broth a wine color. This change in appearance 
of the blood is also reflected in the halo surround- 
ing a colony on the agar plate. 

ClaMificatiOll. Streptococci are classified by 
their influence on the red blood cells of the growth 
medium, fermentation of sugars and other bio- 
chemical reactions, and by the serologic or im- 
munochemical method. No system is complete, al- 
though serologic classification approaches this 
goal. The three methods partially overlap and have 
a varying practicability. It is common to mnploy 
one or two methods to the degree needed by the 
problem. • 

ImportMt sptcin. S. hmotytieus eomplaidy 
dissolves red blood cells and is considered by many 
as the most important of the staeptococci. Septic 
sore throat, peritonsillar abcesa (quinsy), scarlet 
fever, erystpahw (Sl AntSumy^s fire), puerpnral 
sepsis (^Odbed fever). dischatgiBg ear, and tdri- 
bly swollen neck glands are a lew of the cliwica] 



pictures iHroduoed by those hemolytic streptococci 
of Lancefield group A, which can be further classi- 
fied into about fifty types, 

5. hemolyticus produces a number of substances 
during cultivation. These have a deleterious action 
on the blood and other body tissues of the host. It 
is felt that as a group they aid the microorganisms 
both to infect and to spread from the local lesion. 
One such substance, which has been studied in 
much detail, is the erythrogenic, or scarlet fever, 
toxin. It is produced by all strains in varying 
amounts, but its effect on the human being is in- 
fluenced by previous experience with the bacterium. 
Scarlet fever toxin has been used in standard 
amounts to immunize against this one clinical 
variety of streptococcal disease and to determine 
existing immunity in the Dick test. In this test an 
absence of skin redness at the site of injection 
indicates that scarlet fever will probably not result. 
Such a negative Dick test occurs in two situations. 
Older children and adults usually give no reaction 
since they have scarlatinal antitoxin or antibody in 
their blood from previous scarlet fever or from 
repeated streptococcal infections without the rash. 
Newborns and many older infants likewise fail to 
react, and scarlet fever is rare at this early age. 
This resistance is on another basis since the infant 
does not possess antitoxin and the result is inde- 
pendent of the mother*s response to the Dick test. 
It has been suggested that a hypersensitivity must 
be developed by prior exposure to the erythrogenic 
toxin before the characteristic rash can be induced. 
Thus, the toxic action depends on two different 
factors, that is, the state of hypersensitivity and 
the absence of antitoxin. In addition, some strepto- 
cocci produce a skin toxin which is different from 
that produced by almost all the others. Second 
attacks of scarlet fever can be explained by this. 
See Antibody. 

Epidamlology. The difference in contagiousness 
of streptococci is not understood. Infection of 
babies and the presence of organisms in the nose 
of any carrier, regardless of age, are recognized as 
important factors. 

Streptococci do not develop resistance to the 
antibiotic drugs such as penicillin. Resistance by 
disease-producing bacteria is deemed an added 
means of ensuring continued existence of the par- 
ticular bacterial race. Streptococci appear to rely 
on the ability to survive and spread from person to 
person with the production of little or no demon- 
strable illness. See Blood-plate hemolysis; Epi- 
demiology; Lancefield differentiation scheme; 
Mastitis; Rheumatic fever; Scarlet fever; 
Skin test. [p.l.b.] 

Bibliography: R. J. Dubos (ed.). Bacterial and 
Mycotic Infections of Man, 3d ed., 1958. 

Streptomycetaceae 

A fsifll^y of bacteria of the order Actinomycetales. 
The Itreptomyoetaoeae comprises aerobic actino- 
mycetes l^al nsually produce a typical vegetative 


or substrate and aerial mycelium. They occur 
dandy in soil and in other natural substrates, 
produce a variety of enzymes ( proteolytic, 
static, oxidative), vitamins (B 12 ), and antibistics 
Most of the important antibiotics isolated since the 
discovery of penicillin are produced by members 
of this family. It is sufficient to mention strepto. 
mycin, chloramphenicol, the tetracyclines, n^my. 
cin, erythromycin, novobiocin, nystatin, candicidin 
and oleandomycin. See Antibiotic ; Enzyme. 

This family comprises at present several distinct 
genera, which are classified into two main groups 
— genera that produce aerial mycelium, and genera 
that, as a rule, do not. In the former group are 

(1) Streptomyces, which forms spores in chains, 

(2) Thermoactinomyces, which forms single spores. 

(3) Waksmania (Microbispd^) , which forms 
paired spores and grows best at 25-40^C (meso- 
phile), and (4) Thermopoly spora^ which grows 
best above 50^C (thermophile). 

In the group that do not usually produce aerial 
mycelium are Micromonospora, which is a meso- 
phile, and Thermomonospora, a thermophile. They 
form single spores on short sporophores. 5ee 
Actinomycetales; Bacteria, taxonomy of. 

rs.A.w.i 

streptomycin 

A colorless antibiotic substance produced by cer- 
tain species of Streptomyces, mainly 5. grisetis. 
The antibiotic is produced in submerged culture in 
a medium consisting of protein-rich materials, such 
as soybean, cotton-seed meal, or peanut meal, to- 
gether with somcT sugar or sugar-rich materials, 
such as distiller’s solubles, as well as certain sup 
plementary minerals. The length of the fermenta- 
tion period- is 2-3 days. At the completion of the 
fermentation period, the broth is filtered off by 
means of carefully selected filter aids. The active 
substance in the filtered broth is then absorbed on 
activated carbon or ion^exchange resins {see Ion 
exchange). Ion-exchange resins have supplanted 
activated carbon. The streptomycin is eluted from 
the resin by acid. The antibiotic recovered from the 
eluate is of such purity as to yield directly a crys- 
talline calcium chloride complex salt from metha- 
nol solution. The calcium chloride complex salt 
and another form, streptomycin sulfate, in which 
streptomycin is commercially produced are amor* 
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phous white powders. In 1956, 622,000 lb of strep- 
tomycin were produced in the United States. 

(jtreptomycin’s chemical formula is CaiH:ipN 70 i 2 , 
the molecule being composed of streptidine, strep- 
tose, and iV-methyl-L-glucosamine, joined to one 
another by glucosidic linkages. Streptomycin is 
basic in nature, soluble in water, and thermostable. 
It is reduced chemically to dihydrostreptomycin, 
giving a preparation that is frequently us^ in clin- 
ical practice in preference to streptomycin itself. 

Antimicrobial spectrum. Streptomycin and di- 
hydnistreptomycin are active against gram-posi- 
tive, gram-negative, and acid-fast bacteria, such as 
mycobacteria. These compounds have been used 
widely to treat infections of man, animals, and 
plants, such as tularemia, brucellosis, granuloma 
inguinale, fowl typhoid, plague, certain respiratory 
infections, and tuberculosis (see Brucellosis; 
Granuloma inguinale; Plague; Tularemia). 
Streptomycin has also been effective in the follow- 
ing: bacteremia, meningitis, and urinary tract in- 
fpctions due to streptomycin-sensitive strains of 
various gram-negative bacteria; Haemophilus in- 
Huenzae infections of the blood stream and heart, 
meninges, and respiratory and urinary tracts; en- 
docarditis due to penicillin-resistant organisms; 
pneumonia due to Klebsiella pneumoniae; empy- 
ema and other pulmonary infections due to strep- 
tomycin-sensitive organisms; chancroid; granu- 
loma inguinale: gonorrhea unresponsive to penicil- 
lin; glanders; corneal ulcers caused by Pseudo- 
monas aeruginosa; wounds and cutaneous infec- 
tions due to Proteus vulgaris; peritonitis and en- 
teritis; and prophy tactically in gastrointestinal 
surgery. See Enterobactf.riaceae; Klebsiella 
pneumoniae; Meningitis; Pseudomonas aerugi- 
nosa. 

Streptomycin is not active against rickettsiae 
and viruses (see Rickettsioses ; Virus). Al- 
though as a rule it is not active upon fungi, it has 
found extensive application in the treatment of cer- 
tain plant diseases caused by fungi, such as the 
blue mold of tobacco. Stri^ptomycin has also found 
extensive application in the preservation of certain 
biological materials, such as bull semen and virus 
preparations, and* in the feeding of animals. 

Organisms sensitive to streptomycin can become 
resistant to it upon continued contact either in 
culture media or in the animal body. 

Use iq tuberculosis. Streptomycin and dihydro- 
streptomycin are most effective in the treatment of 
forms of tuberculosis (see Tuberculosis). 
Ine discovery of streptomycin was announced early 
tn 1944. Before the end of that year, W. H. Feld- 
tttan and H. C. Hinshaw of the Mayo Clinic demon- 
strated its effectiveness in experimental tuberculo- 
sts of guinea pigs. Streptomycin was soon being 
jubmitted to clinical trials. The treatment of tu- 
crculosia with streptomycin has been undergoing 
considerable change since its usefulness was first 
emonstrated. Its therapeutic value is limited by 
® lact that after exposure to streptomycin for 
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weeks or months, strains of Mycobacterium tuber* 
culosU resistant to the effects of the drug may be 
isolated. Therefore, streptomycin is used only as 
an adjunct to other measures in the treatment of 
tuberculosis, and is primarily of value in conditions 
in which temporary suppression of the infection 
will enable the patient to gain ascendency over the 
disease. Streptomycin should not be used in mini- 
mal and primary pulmonary tuberculosis, which 
will respond readily to routine treatment, since 
there is the danger that resistant organisms will 
emerge. Unnecessary use of the drug may interfere 
with its effectiveness when there is a more serious 
need. 

In pulmonary tuberculosis, streptomycin is used 
mainly in combination with p-aminosalicylic acid 
(PAS) and isoniazid (INH) (see para-Aminosali- 
CYCLic acid; Isonicotinic acid hydrazide). The 
usual dosage is 1 gram (g) streptomycin a day 
+ 12 g PAS daily; or 1 g of streptomycin twice a 
week +12 g PAS daily; or 1 g streptomycin daily 
+300 mg INH daily. It is now common practice 
to use a mixture of streptomycin and dihydrostrep- 
tomycin. In this manner, the toxic effect of each 
substance is minimized. 

Pharmacology. Streptomycin passes readily into 
the blood stream, following parenteral administra- 
tion. Because of great individual differences in ab- 
sorption and excretion of the drug, significantly dif- 
ferent blood levels are to be expected in individual 
patients receiving the same dosage. The concentra- 
tion of the drug in the blood varies directly with 
the size of the individual dose and frequency of ad- 
ministration. During the 24-hour period following 
intramuscular or intravenous injection, 60-80% of 
streptomycin is excreted by the kidneys; significant 
urinary levels may be obtained with comparatively 
small parenteral doses; these levels vary inversely 
with urinary output. Streptomycin passes readily 
from the blood into the peritoneal cavity. Follow- 
ing intramuscular injection, it diffuses also into the 
amniotic and intraocular fluids, and into the pla- 
cental blood. In the absence of severe hepatic dam- 
age, it is excreted in the bile. If the cystic or he- 
patic duct is obstructed, no streptomycin will ap- 
pear in the gall bladder. It does not diffuse readily 
into the pleiira in most cases, nor have effective 
concentrations been demonstrated in the prostatic 
fluid'^following parenteral injection. Oral adminis- 
tration produces no detectable concentration in 
blood, a negligible amount in urine, and a high con- 
centration in feces. ^ [s.a.w.] 

Stress (psychological) 

A state or, condition of an organism subjected to 
environmental forces which tend to upset steady* 
state and equilibrium conditions in the organism. 
The organism’s reaction ia to ajttmpt to restore 
such conditions. The phrase “stresses of living” re- 
fers to the impacts on p^sons of unpleasant en- 
vironmental and social events encountered im the 
course of daily life. Hie word sttoss, together yttUi 
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aiusli tenDi is l<Mrce and power, has precise quanti- 
tative meaning in physics but origindly came from 
popular usage. 

Stran In physici and mginMiing. In physics 
and engineering a stress is defined as a force ap- 
plied to a solid body. It is measured as pressure 
per unit area causing deformation of the body. The 
deformation is defined as a strain and is expressed 
as a ratio of the change of length produced by the 
force to the original length measured along any 
axis. The ratio of stress to strain is known as the 
modulus of elasticity and is a constant characteris- 
tic of the body. 

Strpss In biology. In the biosciences a stress has 
been considered by many physiologists as any set 
of events which modifies steady-state conditions 
within the organism so as to activate adaptive, or 
homeostatic, mechanisms. These mechanisms read- 
just the internal environment with the resultant 
reestablishment of normal steady-state or equilib- 
rium conditions that were modified by the stress. 
Thus, a shift in blood acidity following exercise 
calls upon both chemical buffering systems in the 
blood and neurophysiological mechanisms to re- 
establish homeostasis (see Homeostasis). Exter- 
nal temperature changes activate autonomic, or in- 
voluntary, regulatory mechanisms to maintain con- 
stancy of the temperature of the internal environ- 
ment, by eliminating body heat at a greater rate in 
a hot environment and conserving it in a cold one. 
The ingestion of chemical agents, foodstuffs in ex- 
cess, or toxic compounds likewise activates homeo- 
static processes of elimination and inactivation All 
of these events may be considered as stressful as 
they are reflected in measures of adaptive adjust- 
ment. 

Any external situation threatening the organism 
may function as a stress. Situations calling for 
flight or fight, with their concomitant psychological 
and physiological expressions of fear and anger, 
are stressful. The processes of inhibiting fight or 
flight may themselves result in stressful anxiety 
states. Psychological stress may result from the in- 
tensification of instinctual drives and of the control 
of these drives to meet the demands of society. Such 
stresses may be chronic and produce far-reaching 
disturbances of a psychosomatic nature as well as 
neuroses in susceptible individuals (see Neuro- 
sis). The balancing of one*s needs and satisfaction 
in terms of learned inhibitions and prohibitions 
represents stresses of this sort. The same stress 
situation may have quite different significance, 
psychologically, for different organisms in terms 
of their life histories and past conditionings and 
therefore attempts to objectify and standardize 
such stresses, per se, meet with great difficulty. 

Meaturgment of ttraas. The physiologist^iaB a 
variety of measures of how stress may disturb the 
body’s regulatioh of the internal fluid environment 
of its tissues. The maintenance of constancy of this 
inteiAial environment of blood and lymph is of 
great importance for proper functioning of the 
body. If, for example, the stress is a bout of exer- 


cise, or exposure to anoxia, to extremes of teni|iera- 
ture, or to chemical or surgical insult, respsnses 
of organisms to such stresses can be compared iq 
terms of quantitative measures of their respond 
ing regulatory systems. Thus, following exercise 
or a fight, elevation and subsequent recovery to 
normal levels of respiratory rate, heart rate, blood 
pressure, body temperature, blood acidity, oxygen 
consumption and carbon dioxide (CO 2 ) production 
may be used as measures of strain resulting from 
the stress. 

Blood and urinary measurements of certain en 
docrine systems brought into play by stress are 
particularly useful response indices. The quantita 
tive analyses of adrenalin, secreted primarily b> 
the medulla of the adrenal gland, and noradrenalin 
a neurohumor primarily releasj^d at certain synap 
ses and nerve endings of the 'autonomic nervou« 
system, reflect defense responses especially to 
acute stress (^ee Adrenal gland). Associated with 
some of these stresses may be expressions of rage 
or fear. The ratios of adrenalin and noradrenalin 
vary with the nature of the stress and with the type 
of response elicited. In man, the excretion of adren 
alin in the urine is primarily enhanced by situa 
tions involving tense, anxious, nonaggressive eino 
tional responses, while noradrenalin tends to be 
excreted more in situations calling for actively ag 
gressive, combative responses. 

Blood and urine measurements of the steroid# 
hormones from the adrenal cortex and their me 
tabolites, such as the 17-keto8teroids, together with 
certain blood and urinary constituents reflecting 
actions of these ^hormones on target organs in 
the body to produce eosinopenia, lymphopenia 
and changes in urinary sodium, potassium, and urir 
acid, have been used more widely than any other 
indices in recent years, in studies of stress re 
sponses in mammals. The adrenal cortex is acti 
vated by the pituitary adrenocorticotropic hor 
mone (ACTH) which, in turn, is released in m 
creased amounts by action of the hypothalamus 
following bodily damage or threats. The adreno 
cortical hormones have ubiquitous actions on many 
tissues involved in response to stress and the mam 
tenance of homeostasis. There is some tendency to 
use adrenocortical responses essentially as mea<« 
ures of stressful situations that cannot otherwise be 
quantitated. This, however, has led to confusion, 
since there are differences between individuals m 
adrenal response, not only in terms of the patterns 
of specific secreted adrenal corticoids and their 
metabolites, but also in the correlations of adreno- 
cortical indices with other physiological and psy* 
chological responses to stress. See Hortons* 
Steroid. 

Systrniatlzation of torminoloof. Hans SAy^ 
1950, systematized the language relating to stress 
in the biological sciences. He refers to an adverse 
influence that acts upon an Organism to produce s 
condition of stress as a stressor or stressor agon* 
Thus surgical trauma, hemotstoM^ infecthm^ the 
ingestion of toxic agents, jjjBjBihtenae or 



longed exercise, exposures to extremes of heat and 
cold, and exposure to psychologically disturbing 
situations are stressors. The reaction of the organ* 
ism to such stimuli is the stress response and ex- 
amples of such responses have been given above. 
Stress is defined by Selye as the state of an organ- 
ism subjected to a stressor suflBciently powerful 
to result in damage to the organism or to call 
forth its defense reactions. 

Selye has further developed the concept of the 
general adaptation syndrome. He defines this as 
the characteristic emergency reaction or general 
stress response of an animal that develops through 
three stages: (1) the alarm reaction in which 
adaptation is attempted, (2) the stage of resistance 
in which adaptation is optimal, and (3) the stage 
of exhaustion in which adaptation fails. These vari- 
ous phases of the general adaptation syndrome may 
be studied in terms of the sort of changes in con- 
stituents of body fluids discussed above, especially 
those involving activity of the adrenal cortex. In 
animals, the studies may include determinations, 
before and after stress, of adrenal size, adrenal 
ascorbic acid, and adrenal cholesterol as indices of 
adrenocortical function. Selye has considered that 
many diseases are primarily a result of failure of 
the bodily mechanisms for adaptation adequately 
to meet chronic stress situations. He considers that 
disturbed patterns of endocrine secretion following 
the prolonged application of stressors may result 
in various chronic diseases and he has thus spoken 
of the diseases of adaptation resulting from pro- 
longed stress. 

Prolonged stressor actions may produce anxiety 
states and chronic behavioral disturbances in man 
and in experimental animals. The role of life 
stresses as contributory agents to hypertension, 
arthritis, ulcers, skin disorders, asthma, and other 
allergic manifestations has been investigated by 
many biochemical, physiological, psychological, 
and psychiatric procedures. Experimentally in- 
duced states in animals, closely resembling the 
neuroses and psychosomatic disturbances seen in 
man, have been regularly brought about by frus- 
trating conditioned reflex techniques, in themselves 
mild procedures but productive of highly abnormal 
and crippling behavior when carried on at regular 
intervals over periods of time. Life stressors pro- 
ducing neurotic behavior in man are very varied 
and may be difficult to define or to measure. In the 
hiosciences, stresses for the most part are not di- 
rectly identifiable but arc measured by the strains 
*jiey produce, some of which may exce^ the elastic 
limit or adaptive ability of the organism and so 
produce damage. 

In relation to prolonged stress it has been sug- 
gested that nerve impulses, generated by main- 
tained uncertainty in anxiety-inducing situations, 
reverberating and continuous passage 

“messages” around looped systems. If such cir- 
arc active for long periods, they may spread 
extensively in the nervous system' and become ,per- 
“®anent, even to the point of outlasting the indue- 
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ing situation. If the spread of reverberating activity 
comes to include circuits in the hypothalamus, this 
may produce excessive stimulation of endoctinei^^^ 
systems, especially that of the pituitary-s 
axis. In cases of prolonged stress, the nature j 
adrenal corticoid output itself may be chan^HI^Sy 
shifting ratios of specific steroid hormone produc- 
tion. Excessive production of some steroids and 
shifts in hormone metabolism have chronic feed- 
back effects on various organ systems, producing 
manifestations reflected in psychosomatic disorders 
and disorders of behavior. See Abnormal be- 
havior; Emotion. [h.ho.] 

Bibliography: H. Selye, The Physiology and 
Pathology of Exposure to Stress, 1950; Fifth An- 
nual Report on Stress, 1952; Stress and mental ill- 
ness, Lancet, 275:205-208, 1958. 


Related terms used to define the intensity of in- 
ternal reactive forces in a deformed body and 
associated unit changes of dimension, shape, or 
volume caused by externally applied forces. 

Stress is a measure of the internal reaction be- 
tween elementary particles of a material in re- 
sisting separation, compacting, or sliding that tend 
to be induced by external forces. Total internal 
resisting forces are resultants of continuously dis- 
tributed normal and tangential forces of varying 
magnitude and direction and acting on elementary 
areas throughout the material. These forces may he 
distributed uniformly or nonuniformly. 

Stresses are identified as tensile, compressive, or 
shearing, according to the straining action. 

Strain is a measure of deformation such as (1) 
linear strain, the change of length per unit of 
linear dimensions; (2) shear strain, the angular 
skew in radians of an element undergoing change 
of shape by tangential forces; or (3) volumetric 
strain, the change of volume per unit of volume. 
The strains associated with stress are character- 
istic of the material. 

Strains completely recoverable on removal of 
stress are called elastic strains. Above a critical 
stress, both elastic and plastic strains exist, and 
that part remaining after unloading represents 
plastic deftumation called inelastic strain. Inelastic 
strain reflects internal changes in the crystalline 
stActure of the metal. Increase of reshtance to 
continued plastic deformation due to more favor- 
able rearrangement of the atomic structure is 
called strain-hardening. 

Stress-strain diagram* A graphical representa- 
tion of simultaneous values of a stress and strain 
observed^ in tests indicates material propertied as^ 
sociated .with elastic and inelastic tehsvior. The 
diagram indicates significant values of stress ac- 
companying changes produced in the internal struc- 
ture. 

Properties of metals are usually determined, by 
tension or torsion tests* Materials such as wpod, 
concrete, and ceramics that, are^Wd to resist opm- 
pressive loadaare tasted under compression* 


Stress and strain 
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Tension tests are made on suitably machined 
bars in a testing machine which elongates the speci- 
men and records the resisting force. The stress is 
the force per unit of original unstrained area of 
the cross section. Strain is the average unit elonga- 
tion in the direction of the applied force, deter- 
mined from total elongation of a selected gage 
length. 

A tension stress-strain diagram for an aluminum 
alloy is shown in Fig. 1. The diagram for soft steel, 
which exhibits the unique phenomenon of yielding 
at a critical stress, is shown in Fig. 2. Diagrams 
with stresses based on the original sectional area 
are called engineering or nominal stress-strain 
curves. A true stre$s*strain curve is based on the 
reduced sectional area accompanying an applied 
force. The interpretation of these diagrams estab- 
lishes characteristic properties of the material. 

Deformation is any alteration of shape or dimen- 
sions of a body caused by stresses, thermal expan- 
sion or contraction, chemical or metallurgical 
transformations, or shrinkage and expansions due 
to moisture change. Deformation is measured by 
changes in linear dimensions, angular skew, or 
change in vcdume. In axial tension, deformation is 
expressed by per cent elongation or per cent re- 


duction of area to fracture and is taken as a ^eas. 
ure of ductility. ; 

StiMS-strain characteristics. Several teni» are 
used to describe the strain behavior of materials in 
the presence of stress. Figures 1 and 2 describe 
graphically some of these characteristics. 

Yield strength is the stress accompanying a 
specified permanent plastic strain, which is con- 
sidered as not having impaired useful elastic be- 
havior and which represents the practical elastic 
strength for materials having a gradual knee in the 
stress-strain curve. The offset or total extension 
methods utilize the stress-strain curve to evaluate 
the stress at which a specified plastic strain (usu. 
ally 0.2%) or a specified total strain under load 
(as 0.5% ) has developed. See Safety factor. 

Proportional limit is the gh^atest stress a ma- 
terial can sustain without depWure from linear 
proportionality of stress and strain. It is indicated 
on the stress-strain diagram where the curve ceases 
to follow the slope of the initial straight segment. 

Yield point is the stress at which abrupt increase 
of strain occurs without increase of stress. Only 
materials such as low-carbon steel exhibit the 
unique phenomenon of sudden yielding. The stress 
at which yield initiates is called the upper yield 
point. The lower yield point is the constant stress 
while yielding progresses and is taken as a char- 
acteristic property of the material. 

Ultimate strength defines the maximum resist- < 
ance to tensile, compressive, or shearing forces, 
expressed either as a total load-producing fracture 
as in the case of a rope or cable, the maximum 
stress developed |(rior to fracture, or. the stress 
accompanying some limiting deformation. Ultimate 
strength in engineering application refers to stress 
at maximum load resisted. For brittle materials it 
is the breaking stress. See Brittleness. 

Ultimate tensile strength is the maximum nom- 
inal tensile stress developed during increasing load 
application, calculated from maximum applied load 
and original unstrained sectional area. Materials 
developing large elongation reach maximum load 
resistance prior to fracture, which occurs at a 
locally reduced section. See Stress concentra- 
tion. 

Ultimate compressive strength has meaning only 
when maximum load produces fracture as in brittle 
materials. Metals that develop large defonnation 
increase in sectional area, thus increasing resist- 
ance to load ; they do not fracture. 

Modulus of rupture is a measure of strength in 
bending or torsion, expressed as a maximum ten- 
sile, compressive, or shear stress computed ft^i" 
the maximum load to fracture and the dim^io^^ 
of the member. Its evaluation incorrectly assum** 
elastic behavior to fracture and therefore i$ not the 
true strength of the material. It serves as an empifi' 
cal measure of rupture strength, useful in com- 
paring quality of materials euch as wood, 
and cast iroa subjected to standard tests. . 

CombiMd tfrastM. .Smultaneous action 
stresses produced byiiMikilHe^^ strainiiig aotioB* 
such as tension and torsioiiT^ bending iii 

: . 
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Fig. 3. Combined stresses. 


Referring normal and shear stresses to +5m Sa 
coordinate axes, OA Sx and OB Sy. Verticals 
AD and BE represent the equal shear stresses on 
faces having normal stresses Sx and 5y. Line ED is 
the diameter of Mohr’s stress circle with center at 
C. Coordinates of a point on the stress circle repre- 
sent corresponding normal and shearing stresses 
on a particular plane. Distances OG and OF are 
principal stresses. The angle which the maximum 
principal stress makes with the X reference axis 
is one-half angle DCF. Ordinate CH is the maxi- 
mum shear stress acting on a plane defined by 
angle DCH » 208> Stress components on any 
plane whose normal makes an angle 0 with the X 
axis can be found from the stress circle. 


produce combined stresses. The state of stress is 
defined by the magnitude and direction of normal 
and shearing stresses acting on an element of a 
structural member, the element having known ori- 
entation with the axes of the member. Stresses are 
three-dimensional when normal and shearing 
stresses act simultaneously on each face of a cubi- 
cal element, and are two-dimensional or coplanar 
when stresses act in mutually perpendicular direc- 
tions in the same plane. Stresses at a boundary free 
from surface stress are coplanar. 

The coplanar stress system shown in Fig. 3 has 
normal stresses Sr and 5y, and complementary 
shear stresses of equal intensity forming equili- 
brating couples. Stresses on planes of reference are 
found by conventional formulae for independent 
straining actions. Stresses on other planes are 
found by statics applied to a free body isolated 
from the element subjected to combined stresses. 
Planes on which maximum and minimum normal 
stresses occur are called principal planes, and 
these wholly normal stresses are principal stresses. 
No shearing stresses exist on principal planes. 
Maximum shearing stress occurs on planes at 45*’ 
to the principal planes. An element subjected only 
to principal stresses is in a state of biaxial stress ; 
when one of these normal stresses is zero, the con- 
dition is uniaxial stress. 

Expressed in terms of known normal stresses Sx 
and Sy and a shear stress the principal stresses 
are 


Y 




Rg. 4. Mohr's construction, (a) Combined stresses, 
(b) Graph icoi construction. 


■Smax * "+■ Sy) =fc “H Sty* 


Planes on which 


principal stresses act are such that 


tan 20 


M(Sx “ Sy) 


where 0 is the angle with the reference axis of the 
element. 

Mohr's circig. A graphical construction called 
font’s circle determines the simultaneous combi- 
of coplanar normal and shearing stresses 
on any plane perpendicular to the plane of stress 
tough a given point in a stressed body. The con- 
duction solves combined stress problems. For the 
* of stress shown in Fig. 4a, stresses on other 
are found by the construction in Fig. 46u 


Bnlk modulus is a constant designated K or £«, ; 
it is a ratio of stress to accompanying volumetric 
strain, when the material behaves elastically. The 
volumetric strain €« is the change of volume per 
unit volume, €» *« AF/F. According to Hooke’s 
law, £ *» £p * S/ep under stress S. For mutually 
perpendicular triaxial stresses, the volumetric 
strain is equal to the sum of the three linear strains 
and for hydrostatic stress Cp » 3c. For a body 
subjected to hydrostatic pressure. 


where 


* E - ^ 

3(1- 2m) 







tM 

ia which E is Young’s modulus, and fi n Poisson^s 
ratio. 

Poisson’s ratio is a material constant exinress- 
ing the ratio of lateral strain to longitudinal strain 
(Fig. 5) . For uniaxial stress 

lateral strain 
^ longitudinal strain 

The ratio varies for different materials, usually 
ranging from 0.25 to 0.35. A maximum value of 
0.5 represents plastic behavior. 

The generalized Hooke’s law for a body sub- 
jected to mutually perpendicular normal stresses 
including the Poisson’s ratio effect is, for strain in 
the X direction. 



Impact Strangth. Resistance of a material to 
dynamically applied loads, expressed as the capac- 
ity to absorb energy, in units of inch-pounds per 
cubic inch, is impact strength. An important dy- 
namic load is one which is applied suddenly, as by 
the impact of a moving mass. The kinetic energy 
of the moving mass is transferred to the resisting 
body in the form of strain energy. The stresses pro- 
duced by impact will depend upon the amount of 
energy transferred, type of straining action pro- 
duced and the characteristics of the material. 

The strain energy per unit volume stored in the 
material when fractured is represented by the total 
area under the stress-strain curve and is called the 
toughness. The strain energy stored while the 
strains are wholly elastic is called resilience. Maxi- 
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mum elastic strain energy per unit volume ia |allej 
proof resilience and is a property of the mi^eria) 
depending upon the elastic limit and the modulus 
of elasticity. See Elastic limit ; Elasticity. 

The capacity to absorb energy under impact 
load is also measured by special tests in which the 
energy of a swinging pendulum or falling weight 
producing fracture is measured. See Strength of 
materials. [W.J.KR.] 

Bibliography i H. E. Davis, G. E. Troxell, and 
C. T. Wiskocil, Testing and Inspection of Engi- 
neering Materials^ 2d ed., 1955. 

Stress concentration 

A condition in which a stress distribution has high 
localized stresses. A stress concentration is usu- 
ally induced by an abrupt clmnge in shape of a 
member. In the vicinity of not^es, holes, changes 
in diameter of a shaft, or application points of con- 
centrated loads, maximum stress is several times 
greater than where there is no geometrical dis- 
continuity. Local stress disturbance is rapidly dis- 
sipated and effectively disappears at distances from 
the discontinuity equal to the major dimension of 
the section. 

The tensile stress distribution in a plate reduced 
by circular notches is shown qualitatively in the 
drawing. The stress at the root of the notch is about 
three times the stress at the end of the plate. Load 
concentrated on the end of a bar produces nonuni-^ 
formly distributed normal stresses on adjacent sec- 
tions with the variation decreasing at more remote 
sections, as illustrated. 



(a) (b) 


Stress concentrations, (a) Relieved plate under uniform 
tension, (b) Bar under concentrated end load. 

Stress concentrations are usually detcrminwl 
experimentally by photoelastic methods {see PHt)* 
toelasticity). The peak stress is expressed asj 
multiple of the average or nominal stress computed 
without regard to the concentration, thus 5in»i * 
KSnom^ where K is the stress concentration factor 
which depends only on the geometry, without re- 
gard to load magnitude. Factors have been cvolu- 
ated for common types of discontinuity. ^ 

Where loads are steady and the material ductil®’ , 
stress concentraUons are j 

ing and are not imjTTrrTiHT* 
fatigue cracks are initiated Rt 1 




stress, whwe most failures in machines occur. See 
Stress and strain. [w.j.kr.] 

Bibliography i M. M. Frocfat, Strength of Ma- 
terids, 1951; R. E. Peterson, Stress Concentration 
Desiga Factors^ 1953; R. J. Roark, Formulas for 
Stress and Strain, 3d ed., 1954. 


Striation 

A succession of alternately luminous and dark re- 
gions sometimes observed in the positive columns 
of glow discharges. Usually striations appear when 
the discharge is operated at relatively high pres- 
sure, because diffusion effects will be less prevalent 
under this condition. The striations may be either 
stationary or moving, although these are thought to 
be separate phenomena. 

The stationary striations are thought to be repeti- 
tions of the alternate luminous and dark spaces 
toimd in the cathode region. It is significant that 
very pure inert gases do not exhibit this effect. 
Their failure to do so is believed to be due to the 
presence of excited atoms in the metastable states 
characteristic of the inert gases. These metastable 
atoms can diffuse freely and can produce excita- 
tion uniformly throughout the column. The re- 
sulting decays will then result in uniform light 
production. A small amount of impurity gas can 
release the metastable states very quickly by colli- 
sions of the second kind. Thus, a small amount of 
impurity will permit the formation of striations. 
The moving striations are thought to be caused by 
plasma oscillations, and are not well understood. 
Sfp Glow discharge. [c.h.mi.] 


Strigiformes 

The order of birds which contains the owls, and 
which is usually divided into two families, the true 
owls (Strigidae) and the barn owls (Tytonidae). 
Although generally similar in external appearance, 
there are important anatomical differences between 
the two groups. Both Tytonidae and Strigidae are 
widely distributed; the common barn owl {Tyto 
dba) is one of the most widespread bird species 
in the world. Each family includes both diurnal 
and nocturnal hunters; some of the latter have de- 
veloped amazing adaptations for locating prey in 
total darkne.ss, employing only hearing. Because of 
their predominantly nocturnal habits, many owls, 
particularly the tropical species, are little known 
other than as museum specimens. Similarities to 
the hawks, near which owls were formerly classi- 
ned, are now attributed to convergence, both 
groups being wholly carnivorous or insectivorous. 
All owls lay the white eggs typical of hole-nesting 
jrda, but a few species nest on the ground or in 
old hawk or crow nests. Incubation is usually by 
e female which is the larger member of the pair. 

Aves. [K.C.P.] 


Stripping 

ifimoval of a vehtile component from a Squid 
y vaporization. The stripping operation is an im- 
*** many industrial processes which 
Pwy absorption to purify giym and to recover 
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valuable components from the vapor phase (see 
Gas absorption operations). In such processes, 
the rich solution from the absorption step must be 
stripped in order to permit recovery of the ab- 
sorbed solute and recycle of the solvent. 

The stripping of a volatile component from a 
liquid may be accomplished by pressure reduction, 
the application of heat, or the use of an inert gas 
(stripping vapor). Many processes employ a com- 
bination of all three; that is, after absorption at 
elevated pressure, the solvent is flashed to atmos- 
pheric pressure, heated, and admitted into a strip- 
ping column which is provided with a bottom 
heater (reboiler). Solvent vapor generated in the 
reboiler or inert gas injected at the bottom of the 
column serves as stripping vapor which rises coun- 
tercurrent to the downflowing solvent. When steam 
is used as stripping vapor for a system which is not 
miscible with water, the process is called steam 
stripping. See Distillation. 

Equipment used for stripping operations resem- 
bles that employed for absorption and distillation 
and consists generally of countercurrent columns 
of the bubble-plate or packed types. The rich sol- 
vent is admitted near the top so that the major por- 
tion of the column is active for stripping; however, 
in many cases, a short section is provided above 
the feed point, and condensate is refluxed to this 
section to minimize losses of solvent or to return 
volatile components which are to be retained in the 
liquid phase (Fig. 1). Stripping columns are also 
referred to as strippers, desorbers, regenerators, 
reactivators, and stills (if heat is used ) . 



FIq. 1. SchBfnatlc diogrom of stripping ipnd 

occetsory ocitflpmant. 
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The of^ration of stripping is essentially the re- 
verse of absorption in that mass transfer occurs 
from the liquid to the gas phase. This requires that 
a concentration gradient exist from the body of 
the liquid to the gas-liquid interface and from this 
interface to the body of the gas. Since at steady 
state the rates of mass transfer to and from the 
interface are equal, the following basic rate equa- 
tions apply at any point in the column: 

Na ® Ici,{CaL — Caj) » ko(pAi — Pao) 

where Na is the rate of mass transfer for the solute 
A pet unit area, and ko are the mass-transfer 
coefficients for liquid and gas phases, respectively, 
Ca is the concentration of A in the liquid, and Pa 
is the partial pressure of A in the gas. The sub- 
script i refers to the interface, L to the liquid, and 
G to the gas. Any consistent set of units may be 
used. See Mass-transfer operation. 

The difference between stripping and absorption 
is illustrated in Fig. 2. The operating line, which 
relates the gas and liquid composition at any point 



(b) 


solute concentration in liquid, 
motes solute/mole solvent 

Fig. 2. Column operating diagrams, (o) Diagram for 
absorption, (b) Diogrom for stripping. 


in the column, always lies above and to the Lh of ' 
the equilibrium curve for absorption and belmr and ^ 
to the right of it for stripping. In Fig. 2, Xx ^ j y i 
represent the concentrations of solute in liquid and ‘ 
gas phases, respectively, at the bottoms of ' 
columns, while X 2 and Y 2 represent conditions at 
the tops of the columns. The operating line in each 
case has the slope Lb/Gs where Le is the solvent 
flow rate in moles/ (hr) (ft^) and Gg is the floiy 
rate of inert gas in the same units. As in absorp. 
tion, the number of theoretical plates required for 
a given stripping operation may be estimated by 
graphically plotting steps between the operating 
line and equilibrium curve (Fig. 26). Other design 
procedures for stripping columns are also analo. 
gous to those used for absorption. 5ee Gas absorp. 

TION OPERATIONS. 

The stripping operation is also closely related to 
distillation, and in some instances, such as the 
stripping of hydrocarbons from an absorption oil. 
the process can be considered the equivalent of a 
distillation operation in which the bottom and top 
products have widely different boiling points. See 
Distillation. 

It should be noted that the term stripping has 
other technical meanings besides that discussed 
above, including the removal of organic or metal 
coatings from solid surfaces and the removal of 
color from dyed fabrics. See Dyeing; Electro- 
plating OF METALS. [A.L.K.r 

Bibliography I J. H. Perry (ed.). Chemical Engi 
neers* Handbook, 3d ed., 1950; T. K. Sherwood and 
R. L. Pigford, Absorption and Extraction, 2d ed., 
1952; R. E. Tr^ybal, Mass-Transfer ' Operations, 
1955. 

Stroboscope 

An instrument for observing moving bodies by mak- 
ing them visible intermittently and thereby giving 
them the optical illusion of being stationary. A 
stroboscope may operate by illuminating the object 
with brilliant flashes of light or by imposing an in- 
termittent shutter between the viewer and the ob- 
ject. The rate and duration of the visible periods 
are adjustable. 

Stroboscopes are used to measure the speed of 
rotation or frequency of vibration of a mechanical 
part or system. They have the advantage over other 
instruments of not loading or disturbing the equip* 
ment under test. Mechanical equipment may he ob- 
served under actual operating conditions with the 
aid of stroboscopes. Parasitic oscillations, fls^^ 
and unwanted distortion at high speeds are readily 
detected. It is more economical to obtain 
formation with a stroboscope than with high-ap^ 
motion pictures, and the results are immediaW 
available. Stroboscopes have been employed witli 
balancing machines to locate the lack of balaiu^ 
in lightweight rotating equipment. 

By adjusting the rate of viewing to coineW® 
with a multiple of the rate the ihoving object ^ 
turns to the same position, with a 
range of motion, as in fotafiem or vibratfani, ^ 

. ■ 



made to appear stationary. The object under view is 
seen only when it is in one position in space and is 
freed of the blur normally associated with motion. 
If the viewing rate is slightly greater than the repe- 
tition rate of the motion being observed, the object 
will appear to move slowly in reverse direction. 
Similarly* a slightly slower viewing rate makes the 
object appear to move slowly in the direction of 
artiial motion. 

The flashing-light stroboscopes employ gas dis- 
charge tubes to provide a brilliant light source of 
very short duration. A brilliant source is recfuired 
because of the short period of illumination. Back- 
ground illumination should be kept as low as possi- 
ble. Tubes may vary from neon glow lamps, when 
very little light output is required, to special strob- 
oscope tubes capable of producing flashes of sev- 
eral hundred thousand candlepuwer with a dura- 
tion of only a few millionths of a second. 

Tubes may be fired by voltage peaking trans- 
formers or by electronic control circuits. When 
peaking transformers are employed, the flashes 
are synchronized with the supply line. Electronic 
controls provide adjustable or synchronous flash- 
ing frequencies. Calibrating circuits give direct in- 
dication of the frequency of the flashes, [a.ii.e.] 


Stroboscopic photography 

Stroboscopic or “strobe” photography is generally 
understood to refer to pictures of both single and 
multiple exposure taken by flashes of light from 
electrical discharges. Originally the term referred 
fn multiple-exposed photographs made with a 
‘*trobos<-opic disk as a shutter. One essential fea- 
ture of modern stroboscopic photography is a short 
exposure time, usually much shorter than can be 
“brained by a mechanical shutter. 

High speed photography with stroboscopic light 
has proved to be one of the most powerful research 
lools for observing fast motions in engineering and 
in science. Likewise, the electrical system of pro- 
ducing flashes of light in xenon-filled flash lamps 
is of great utility for studio, candid, and press 
photography. Spark photography, especially with 
short air gaps at high voltage, has been used for 
many years to take short-exposure photographs. 

Energy storage. Devices for storing energy are 
Required to produce the high peak power needed 
w producing pictures with a short exposure time. 
Jne electrical capacitor is ideal for this service. 
The energy stored in a capacitor is 


CP 

watt-seconds (or joules) 


Inhere C is the capacitance in farads and E is the 
^*tial voltage to which the capacitor is charged, 
he electrolytic type of capacitor has the largest 
ratio of stored watt-seconds per pounds but is 
imited to about 500 volts. Paper capacitors are in 
^Jflespread use for short-durgtion flash lights 
here high voltage is required or where the flash 
^ycle is repeated frequently. 


Stroboscopic photogrophy 

Flash lamps. A gaseous discharge lamp or spark 
gap is required to convert the stored energy of the 
capacitor into light. The open spark in air is used 
where a small volume source of very short duration 
is required. Otherwise the more efficient xenon- 
filled flash lamp is in almost universal application 
since its efficiency is about five times greater than 
that of the open spark. There is an afterglow in 
xenon gas of about 10 jusec or more which is objec- 
tionable when fast subjects such as high-speed 
bullets are photographed. 

Flash duration. Light duration from a xenon 
lamp or a spark gap is influenced by the electrical 
characteristics of the capacitor, the series induct- 
ance of the capacitor and leads, and the resistance 
of the leads. For air gaps, the effective resistance of 
the gap is negligible compared to these other fac- 
tors. However, a long xenon-filled flash lamp of 
small diameter has a high resistance that limits the 
current flow. The flash duration of a xenon lamp 
can be much longer than for an air spark. 

Circuit of a flash lamp. Figure 1 shows an elec- 
tronic flash lamp L such as a xenon-filled glass 
tube with one external and two internal electrodes. 
The lamp is connected directly across the main 
flash capacitor C which stores the energy that is to 
be converted by the lamp into light. Current from 
the transformer, after being rectified, charges the 
capacitor C to a voltage equal to the peak voltage 
of the secondary of the transformer T, 

An electrical discharge is started in the flash 
lamp when switch S is closed. An X contact in a 
synchronized camera shutter can serve as the 
switch 5. The pulse voltage in the secondary of the 
step-up transformer T 2 in connected to the external 
electrode on the lamp and starts a current in the 
lube by condenser action. Once the glow on the 
tube walls is started, the lamp is lighted briefly but 
brilliantly bv the condenser discharge. There is a 
transient current that builds up rapidly from zero 
to a peak and then slowly decays to zero. The tran- 
sient is a complex one to analyze because the gase- 
ous discharge is nonlinear. See Electrical con- 
duction IN GASES. 

The complete history of a discharge, showing 
light as well as current and voltage against time, 
must be measured experimentally for the exact 



Fig. 1. Elemantary circuit of an alactronic floih (amp 
L, with -main flosh capacitor C and trigger circuit, with 
tronsformer T 2 > The lomp L flashes when tha synchro- 
nizing switch S is ebsed. 
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conditions of flash. Data from such tests are avail- 
able in graphic or tabular form for some of the 
flash lamps now in use. 

Electrical characteristics. As has been described, 
the current in a long-gap xenon tube rises rapidly 
from zero after the lamp has been triggered to a 
peak and then decays in an exponential manner to 
zero. For many lamps of the xenon-filled types of 
long arc length, the instantaneous ratio of lamp 
voltage to current is essentially constant over most 
of this exponential-Iike discharge. 

Lamp resistance R can be defined, then, as the 
ratio of the initial anode voltage to the peak cur- 
rent. It follows that the time constant of the current 
decay is RC seconds and the time constant of the 
flash duration la RC/2 since the light is approxi- 
mately proportional to the power (current X volt- 
age). These approximate relationships are of great 
assistance in calculating the expected performance 
of proposed systems. 

As an example, the standard flash lamp type 
FX-1 has a resistance of R - 2 ohms when flashed 
with 100 fii at 2000 volts. This lamp has an arc 
length of 6 in. and a 4-mm inside diameter. The 
resistance of other lamps can be estimated by as- 
suming that a lamp resistance increases directly 
with length and inversely with the area if the en- 
ergy density and initial voltage gradient are the 
same in the two lamps. Thus 


Flash duration 


2 ^^6lP2 


sec 


where / is tube length in inches and d is inside 
diameter in mm. This approximate equation holds 
for a flash tube with 20-cm filling of xenon and with 
an energy density of at least 40 watl-sec/cm^. 

As previously mentioned, spark gaps in air do 
not follow this rule because their resistance is usu- 
ally so small that the circuit inductances form the 
current-limiting impedances. The discharge cur- 
rent from a capacitor into an air spark gap is os- 
cillatory, at a frequency set by the circuit con- 
stants. A pulse of light follows in general the major 
envelope of the current oscillations. Afterglow in 
the excited gas in the gap produces light between 
half cycles of current. 

Time between flashes. A flash lamp in a circuit 
such as Fig. 1 cannot produce a second flash of 
light until the capacitor has been recharged. When 
a battery or other dc supply is used instead of the 
rectifier-transformer arrangement of Fig. 1, the 
charging rate is the straightforward RC time con- 
stant of the circuit elements. In the interval com- 
prising four time constants the voltage will be up 
to 96% of the final value and the light about %%. 
For any specific example, the charging time can 
be made shorter by decreasing the series cha'I'ging 
resistance. 

As this resistance is reduced for faster charging, 
a new condition called holdover is encountered in 
which the flash lamp does hot extinguish but is con- 
tinuously excited by the charging current. The min- 


imum value of the holdover current is abo4 L2 
amp for many practical flash lamps. 

Holdover occurs when the end of the discharge 
current transient and the charging current are 
equal. The capacitor is not charged during a hold, 
over condition, and the lamp voltage remains at a 
relatively low value, with a large current from the 
dc supply and a large loss of energy and heating 
in the charging circuit resistor. 

Holdover has been experienced in 200*1000 
watt-sec flash equipment in the 450- and 900-volt 
types when 10-$ec charging has been desired. Some 
of the flash units are equipped with a relay which 
inserts a large charging resistor for a few seconds 
at the beginning of the charging cycle to reduce 
the current so that the lamp will deionize. 

Lamps operated with a fe^ watt-seconds per 
flash have been operated at frequencies up to sev- 
eral hundred flashes per second. With less energy 
per flash, the lamps appear to be able to operate at 
a higher frequency without skipping or holdover. 

Requirements. For each specific use of strobo- 
scopic photography, the user will want to satisfy 
three requirements: (1) the flash duration required 
to “stop” the action; (2) the quantity of light ade- 
quate to record the data on the film; and (3) the 
interval of time between flashes for desired dis- 
placement-time information. 

The first item, required flash duration, is known 
once the velocity and the blur definition of the sub-^ 
jcct are available. For example, suppose one wishes 
to obtain a clear image of a bullet which has a ve- 
locity of 2000 ft/^c. Let the definition of the hhr 
on the bullet be fess than 0.01 in. Now calculate 
the minimum flash duration from the equation d - 
vt where d = distance, v - velocity, and t = time. 
Then, 


d .01 

V “ 2000 X 12 


0.4 psec 


The second requirement, quantity of light, can 
best be estimated by the guide factor method as 
used by photographers. In its simplest form, the 
guide factor equation is limited to the single-lamp, 
front-lighted case^ where the camera lens is at a 
distance from the subject 

DA - yJiBCPS) - 

where DA — guide factor 

D «“ distance of the lamp to the subject 
(must be at least 10 reflector diameters) 

A numerical aperture of the lens 
BCPS » the beam-candle-power-second output 
of the lamp and reflector 
S ** the ASA exposure index of the film 
C • a constant which is 15-25 if D is in 

The third item, time between flashes, depen^* 
upon the information that is desired. If velocity 
desired, only two pictures are nfeded. The requi*^ 



trigger voltage 



voltage across lamp, anode voltage, 


Fig. 2. Idealized starting characteristic of an elec- 
tronic flash lamp showing regions of no flash, flash, 
and self-start limit as a function of anode voltage and 
trigger voltage. 
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3. An effective method of taking a series of pic- 
lures at high frequency of a bullet In flight against 
0 Scotchlite screen. A small stroboscope lamp is 
'Counted as near to the lens as possible. The discharge 
capacitor C is charged to 8 kv through the inductance 
from the 4-kv power supply. Discharge of the hy- 
^^fogen thyratron starts the lamp and a pulse of light 
rssults. The hydrogen thyrotron hos a rapid deionlza- 
I'on time ond therefore the lamp can be flashed at 
^'9^ frequency such as 10 kc. A Scotchlite screen is 
Ole which reflects light from a source bagk to the 
source. The light received at the film con be several 
hundred times more than that received from a flat 
white screen. 


Fig. 4. Photographs of o bullet in flight at a velocity 
of 2000 ft/ sec. Equipment similar to that described In 
Fig. 3 was used to obtain this series. {Harold E. Edger^ 
ton) 


+ 10 kv 



Fig. 5. Circuit for flashing a series of capacitofs C 
into a single flash laMp PX-2 at rotes up to 10Q kc 
with 1.5 watt-sec/flosh. A series of triggering puls^ Is 
sent through a gating circuit into terminols Ar B^ C, 
etc. The mercury control tube, Ti, deionizes rapW*y- 
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field lens 

Pig. 6. Circuit diagram of a double flash unit where 
two discharge capacitors pre triggered separately by 
trigger gap circuits. A field lens is used to collect the 
light and direct it into the camera lens. This unit was 


especially developed to measure the early speed of 
explosion of a dynamite cap with two superimposed 
photographs spaced about 5 ju.sec apart in time. 


time interval is calculated by the equation that was 
used for the first reifuirement. Again using the bul- 
let as an example, the time for the bullet to travel 
2 ft is 1 msec. If one wishes to have a sequence 
of photographs of a bullet striking an object when 
the bullet motion between exposures is 0.2 ft, then 
the interval of time between flashes needs to be 
100 fisec (at a rate of 10,000 flashes ^sec.) 

The production and control of flashes of light at 
high frequencies will be discussed laler in this ar- 
ticle. 

Conditions for starting. The electrical condi- 
tions briefly mentioned before for satisfactory 
starting of an electronic flash lamp can be pre- 
sented in chart or curve form such as Fig. 2. Below 
a minimum trigger voltage and a minimum anode 
voltage the lamp will not flash, as indit'ated by the 
no flash area. With ample starting margin as indi- 
cated by the point marked rated condition, the 
lamp will start reliably every rime as desired. Now, 
if the characteristic starting curve engulfs this op- 
erating point because of changes during the life of 
the lamp or circuit, the lamp may begin to misfire 
at infrequent intervals of time. This condition can 
be corrected by increasing the size of the trigger 
capacitor C 2 or the initial voltage across C-, since 
either of these changes increases the starting volt- 
age V,, 

All of the methods of overcoming missing men- 
tioned at the end of the previous paragraph require 
an increase of peak trigger current in the switch S. 
Should this switch be a delicate X sync contactor 
in a camera shutter, damage may result to the con- 
tacts and the contacts mav then fail to close in a 
positive manner for reliable starting. Furthermore, 
the contacts usually bounce when they hit, causing 
sparking at the contacts which reduces the trigger- 
ing voltage, 

A thyratron or a strobotron can be used as a trig- 
ger tube in place of the switch S to overcome these 


difficulties. Then the lamp can he triggered by 
microphone, photocell, or other electrical pulse 
•signal. 

High-frequency flashes. The frequency limita 
tions discussed previously can he avoided by sn 
oral electrical circuits which do not depend upon 
the holdover characteristics of the flash lamp. 

1. A control tube, such as a hydrogen tliyratrnii. 
a hydrogen gap, or a mercury pool lube ran be 
used to switch the current into the flash lamp. 
These tubes have a rapid deionization of the gas 
that is used to conduct the pulses of current. 
Equipment has been developed which operates in 
short bursts up to many thousands of flashes per 
sei'ond ( Figs. 3, 4) . 

2. A series of separate capacitors which are 
switched into a flash lamp by means of switching 
tubes is capable of operating at 10-/Asec intervals 
with 1.5 watt-sec/pulse (Fig. 5). 

3. Separate flash lamps, each with a complete 
flashing circuit, can be used. Some arrangement i.* 
required to trigger the lamps at the desired inter- 
vals of lime (Fig. 6). 

Sre Photography; Spark, electric; Strobo- 
scope. [h.e.e.I 

Bibliography: Bibliography on high-speed pho- 
tography. Soc, Motion Picture Television Engrs. 
56:93 111, 1951; W. D. Chesterman, The Photo- 
graphic Study of Rapid Events, 1951 ; R. B. Collin!* 
(ed.), High-Speed Photography, 1956-1957; H. E- 
Edgerton and J. R. Killian, Jr„ FLASH! Seeing thf 
Unseen by Ultrahigh-Speed Photography, ‘2A cd* 
1954; G. A. Jones, High-Speed Photography. W53- 

Stromatolite 

A structure in calcareous rocks consisting of con- 
centrically laminated masses of calcium carhonat? 
and calcium-magnesium carbonate which are 
lieved to be of cUlcareous algal origin. These 
tiires are irregular to columnar and hemispbowt^*’ 




Sectioned stromatolites, (o) Diagram of port of a 
large, strongly laminated stromatolite, showing how 
the laminae dip away from the center of the hemi- 
spheroidal mass if viewed from above, and toward 
the center if viewed from beneath, (b) A small stro- 
matolite consisting of columns with highly arched lami- 
nae. Lower Ordovician of western Wisconsin. (From 
ft. R. Shrock, Sequence in Layered Rocks, McGraw- 
Hi//, 1948) 

in shape and range from 1 millimeter to many 
meters in thickness. They may be small buttons or 
biscuits or may have areal extents as great as 1 or 
more square kilometers. Stromatolites are found 
in rocks ranging from Precambrian to Recent age. 
Str Alcae fossils. 

Stromatolite structures, developed in growth 
position, have convex surfaces upward. These struc- 
tures are of organic origin, but are not themselves 
fossil remnants. Stromatolites have been recog- 
nized as forming biostromes, bioherms, and organic 
reefs in close association with, and as a direct 
(oiii|)onent of. the marine ecologic community of 
the shallow seas on sedimentary shelves and plat- 
forms. Ser Bioiikrm; Biosthome; Organic reef. 

[ s.a.we.] 

Bibliography: P. E. Cloud, Jr., Notes on stro- 
matolites, Am, J, ScL, 240:363 379, 1942; F. J. 
Petti john. Sedimentary Rocks^ 2d cd., 1957; R. R. 
Sliroek, Sequence in Layered Rocks, 19^18. 

Stromatoporoidea 

An extinct order of conspicuously layered, calcare- 
ais. animal skeletons belonging either to the class 
Hydrozoa or Scyphozoa. The fossils occur as in- 
crusting or massive colonies, usually attached to 
corahs or other animals, in marine rocks of Ordo- 
vician, Silurian, and Devonian age. During this 
time they made beds of limestone and built hun- 
dreds of reefs which were buried by sediments. 
^*f*troleum occurs in some vertical structures formed 
hy stromatoporoids. Stromatoporoids have been 
clas.sified in various larger groups by different au- 
thors. In features of organization they are higher 
than sponges and lower than corals; medusae are 
known. The consensus by specialists who study 
them is that they should be ranged among the 
hydrozoans. See Hydrozoa; Scyphozoa. 

Most skeleton colonies are hemispherical in shape 
and range up to 2 m in diameter; some are up- 
*’*Kht cylinders or bushes, ranging up to 10 cm in 
diameter and up to 3 m in length. A characteristic 
jaatyre is the development of annual layers, or 
*«tilaminae. These are 2-10 cm thick and fairly 
•^^gularly arranged (Fig. 1). The surface is either 
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smooth or has round or elongate elevations. Many 
species have radiating and branching grooves on 
the surface of the laminae. These furrows, called 
astrorhizae because they generally are arranged in 
a starlike pattern, may have housed reproductive 
polyps (Fig. 2). 

The identification of stromatoporoids requires 
thin sections cut vertical and tangential to the 
laminae. Internally the skeleton consists of curved 
plates, with or without vertical pillars, in the old- 
est, most primitive forms (Fig. 3). Most of the 
skeleton consists of thin plates (laminae) 0.01-0.1 
mm thick, with short or long vertical pillars, and 
columns of upturned laminae and thicker pillars 
(Fig. 4). The finer tissue, which is important in 



Fig. 1. Annual layers of stromatoporoid Clafhrodicf- 
/on. Silurian. 



Fig. 2. Swfpce of stromatoporoid Ferestromatopora 
showing astrorhizae. Silurian. 



Fig, 3. Vertical section of primHWe stromatoporoid 
Labechh showing curved plates and long pillori Or- 
dovician. 




Fig. 4. Vartical section of Devonian stromatoporoid 
Anostyhstroma showing short pillars, columns of up- 
turned lominae, and thicker pillars. 


generic and specific identification, is either homo- 
geneous, flocculent, transversely fibrous and porous, 
or is full of light and dark dots called maculae. 

The Stromatoporoidea, consisting of 5 families 
and 35 genera, flourished in Ordovician and Silu- 
rian time, reached their acme of complexity in 
structure and numbers of individuals in the Devo- 
nian, and became extinct at the end of the Devo- 
nian. They evolved into the order Sphaeractinoidea 
of the Upper Paleozoic and Mesozoic, which order 
in turn gave rise to the modern orders Hydroida 
and Hydrocorallina. See Hydroida; Sphaeracti- 
noidea. [J.J.G.] 

Bibliography: J. J, Galloway, Structure and clas- 
sification of the Stromatoporoidea, Bull, Am, Pa- 
leontoL, 37(164) :345-470, 1957; H. A. Nicholson, 
A Monograph of the British Stromatoporoids^ Pa- 
laeontol. Soc., 1886-1892. 

Strongyloidea 

A group of roundworms. As adults they inhabit the 
gastrointestinal tract, kidney, or respiratory tract 
of amphibians, reptiles, birds, and a wide variety 
of mammals including man. Taxonomically, they 
are considered by some authorities to constitute an 
order, by others, a superfamily of the class Nema- 
toda. 

Morpholosy and life history. The male worms 
are characterized by a caudal cuticular bursa copu- 
latrix supported by rays. The esophagus is usually 
more or less club-shaped posteriorly, but without a 
definite spherical bulb and without a valvular ap- 
paratus. They are usually oviparous, occasionally 
viviparous. Elach female hookworm (the common 
strongyloid parasite of man) passes 5000-20,000 
eggs per day. Larval stages of Strongyloidea are 
usually passed in the soil, but only rarely are they 
parasites of earthworms and snails. 

Infection occurs through the penetration of the 
host’s skin by the larvae, through the inges^on of 
larvae in water or on grass, or by the ingestion of 
an intermediate host harboring the larvae. The 
larvae migrate to their adult habitats directly 
through the tissues or by way of the bloodstream. 
The adults live varying lengths of time, up to 14 
years. 


Economic importance. Some of the most inipor. 
tant parasites of man and his domestic animal^ be. 
long to this group, and the morbidity, mortality 
and economic loss due to them are extensive. Tb^ 
hookworms of man, Necator and Ancylostoma (see 
illustration), are estimated to infect more than 
456,800,000 persons in the tropical and subtropical 
areas of the world. They live attached to man's 
small intestine and suck blood, producing varying 
degrees of anemia. Horses, cattle, sheep, swine, 
and other domestic and wild animals are hosts to a 
large number of Strongyloidea which cause dam- 
age by sucking blood and through tissue inflamma- 
tion and destruction. The migration of larval and 
maturing worms through the various organs may 
cause widespread damage and hemorrhage. In con- 
trast to specific and fatal diseases caused by bac- 
teria, viruses, and Protozoa, the damage caused by 
these worms is usually not spectacular but is in- 
sidious, resulting in anemia, loss of weight, failure 
to gain weight, greatly reduced efficiency, and 
emaciation. 

The damage to the host depends upon the species 
and numbers of worms and the age and resistance 
of the host. Thus, 508-1000 hookworms can cau^e 
a severe anemia in man, yet horses may harbr 
from 30,000 to 50,000 strongyles without recogniz- 
able symptoms. Young animals are not as resistant 
to worm infections as are mature animals. Worm 
para.sites of other animals occasionally infect man. 

The larval forms of many of the domestic animal 
Strongyloidea are quite resistant to heat, cold, and 
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A hookworm, Antylostoma duodonofo. 




Length of adult 

Family and genus Host female worm, mm Disease 


Trlchostrongylidas 

Cooperia 

Cattle, dieep 

6 

Failure to gain weight 

Haamnehut 

Cattle, sheep, goat 

30 

Wireworra anemia 

MecUlocirrus 

Cattle, sheep, swine 

29 

Anemia 

NematodiruM 

Sheep, cattle, goat 

20 

Irritation of intestine 

OUulanaa 

Cat 

1 

Irritation of stomach 

Ostertagia 

Cattle, sheep 

9 

Stomach inflammation, 

TrichostrongyliU 

Sheep, cattle 

9 

diarrhea 

Diarrhea, anemia 

Ancylostomidae 

Ancylostoma 

Man, dog, cat 

14 

Hookworm anemia, creeping 

Bunoetomum 

Cattle, sheep 

26 

eruption 

Hookworm anemia 

Neeator 

Man, swine 

11 

Hookworm anemia 

Uminaria 

Dog, cat, fox, swine 

8 

Hookworm anemia 

Strongylidae 

Oesophagosiomum 

Cattle, sheep, swine 

15 

Nodules in intestine, ulceration 

Slephanurus 

Swine 

40 

Liver, kidney, lung damage 

Slrongylus 

Horse 

55 

Anemia, organ damage, intesti- 

Syngamidae 

Syngamus 

Birds, chicken. 

40 

nal irritation 

“Gapes,” blockage of trachea, 

Metastrongylidae 

Crenosoma 

turkey, mammals 

Fox, cat, dog 

13 

anemia 

Inflammation of blood vessels 

Didyocaulus 

Sheep, horse, cattle 
Swine 

100 

Pulmonary irritation 

Metmtrongylm 

42 

Pulmonary irritation 

Diaphanocephalidae 

Kalicephalus 

Snakes 

30 


Pseudaliidae 

Torynurus 

Whales, porpoises 

45 

Inflammation of bronchi and 

Heligmosomidae 

Nippostrongylus 

Rodents 

6 

blood vessels 

Emaciation 


dryness and therefore their geographical distribu- 
tion is extensive and not limited to areas with warm 
moist climate as is hookworm. 

Diagnosis and treatment. The diagnosis of par- 
asitic worms cannot be made clinically but depends 
upon the detection of eggs or larvae in the stool, 
urine, or sputum. Unfortunately since there are 
many varieties of roundworms parasitic to the 
gastrointestinal tract in domestic animals and since 
of their eggs are similar, specific diagnosis 
by this means is unsatisfactory. Positive diagnosis 
IS made at autopsy. Fortunately, man harbors rela- 
hvely few species of roundworms, and the egg of 
bookworm, his only strongyloid parasite, can easily 
bo identified. A number of chemotherapeutic 
opnts, notably carbon disulfide, copper sulfate, 
Phenothiazine, and tetrachlorethylene, are cffec* 
^^^0 against several of the Strongyloidea but for 
species there is no effective therapy. The 
Presence of worms produces varying degrees of 
‘nimunity in the host but no substance immunirang 
•gainst infection is available. 


Prevention. Prevention of infection in man is 
easy in theory and consists of sanitary disposal of 
human excrement in a simple pit privy. But reli- 
gious customs, ignorance, and the use of night soil 
for crop fertilizer prolong infection of some 2,000,- 
000,000 humans throughout the world by stron- 
gyloids and'ither helminths. 

The control of infection in domestic animals 
is dependent upon proper handling of theif manure 
and rotation of pastures. Qiemotherapy is helpful 
to the individual but is valuable in control only 
when used in conjunction with sanitary measures 
and, in the case of man, with education. See Hook- 
worm disease; Nematoda. [h.w,br.] 

Stroi^Ey|DidMsis 

An infestation of man with one of the roundwonns 
of the genus Strongylmdes. *The presence of 
Strongyioides stercolaria, a minute nematode, in 
the small intestine or lungs, interferes with^the 
mucosae end is capable ef inodudng a ca^irrh. 
While only the female occurs in the intestine, iwth 
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$exeB may exist in the lungs. The wonn lays eggs 
that hatch in situ; larvae pass out in feces and 
sometimes sputum. They may reinvade the tissues 
to complete their life cycle; this is known as auto- 
infection or hyperinfection. Those larvae in soil 
transform into free^living adults^ from which other 
free generations arise, as well as infective larvae 
which may enter through the skin. Their biology 
and epidemiology parallel hookworm disease. Gen- 
tian violet is the only, partially successful, thera- 
peutic agent. See Parasitology, medical; 
Rhabdiasoidea. [j.f.ma.] 

Bibliography: C. F. Craig and E. C. Faust, Clini- 
cal Parasitology, 5th ed., 1951. 

Strontianite 

The mineral form of strontium carbonate, usually 
with some calcium replacing strontium. It char- 
acteristically occurs in veins with barite or celes- 
tite, or as masses in certain sedimentary rocks. 
Strontianite has orthorhombic symmetry and the 
same structure as aragonite. It is normally pris- 
matic with the development of pseudohexagonal 
form, but it may also be massive. It may be color- 
less or gray with yellow, green, or brownish tints. 
The hardness is 3%, and the specific gravity 3.76. 

It occurs at Strontian, Scotland, and in Germany, 
Austria, Mexico, and India and, in the United 
States, in the Strontium Hills of California. See 
Carbonate minerals; Strontium. 

strontium 

A chemical element, Sr, atomic number 38, and 
atomic weight 87.63. Strontium is the least abun- 
dant of the alkaline-earth metals. The crust of the 
earth is 0.042% strontium, making it as abundant 
as chlorine and sulfur. The main ores are 
celestite, SrSOi, and strontianite, SrCOs, which 
are found chiefly in Scotland, Arkansas, and Ari- 
zona. Strontianite is colorless to light greenish or 
reddish, depending upon the impurities. The major 
contaminants of these ores are iron, aluminum, and 
calcium. Because calcium and strontium ions have 

•o vilo 0 



chemical properties which are much alike,’^-they 
readily replace each other in chemical compounds. 
This explains the occurrence of calcium in 
strontium ores and strontium in calcareous parts 
of plants and animals. Strontium also occurs as a 
fission product of nuclear reactions in the form of 
some 16 isotopes, five of which are stable. 


It was Adair Crawford who^ in 1790, first d^. 
guished between naturally occurring strontium^ and 
barium carbonates, using a sample which had jbeen 
unearthed in a lead mine in Strontian, Scotland 
This was confirmed in 1792 by Thomas Hope. The 
name of the carbonate ore and the element itself 
stem from the location of the original discovery. 

Uses. Strontium nitrate is used in pyrotechnics 
railroad flares, and tracer bullet formulations! 
Strontium hydroxide forms soaps and greases with 
a number of organic acids which are structurally 
stable, resistant to oxidation and breakdown over 
a wide temperature range, and resistant to disin- 
tegration by water and the leaching action of hy- 
drocarbons. Other strontium compounds are us^ 
as paint driers and have minor medical uses. 

Extraction of the metal. Tl|^ pure metal was 
first isolated by Sir Humphry Davy, who electro- 
lyzed a mixture of strontium and mercuric oxides 
with a mercury pool cathode; the mercury was 
then distilled away from the amalgam that had 
formed, leaving silvery globules of the pure metal. 
The element is produced commercially in the 
United States on a small scale either by electrolyz- 
ing a mixture of potassium and strontium chlo- 
rides or by reducing the oxide with aluminum in 
a vacuum at such a temperature that the strontium 
distills out. 

The metal is silvery- white and lustrous, and it 
quickly forms a protective oxide coating in the air.^ 
It is softer than calcium, and vigorously dissolves 
in water and acids to yield hydrogen gas. The ele- 
ment combines r^dily with oxygen to form iix 
oxide when heatefl, but will not form the nitride 


unless heated above 380° C. The physical proper- 
ties of the element are given in the table. 

Properties of strontium 

Atomic number 

38 

Atomic weight 

87.63 

Isotopes (stable) 

84, 86. 87, 88, 90 

Electron configuration 

2 8 18 8 2 

Ipnic radius. A 

1.13 

Boiling point, 

1638 (P) 

Melting point, ^ 

704 (?) 

Atomic volume, cm*/g-atom 

34.5 

Density, g/cm’ at 20** C 
Latent heat of vaporization at 
boiling point, kilocalories/ 

2.6 

g-atom 

39.2 


Principal compounds. Celestite is used in the 
modem process for the production of strontium 
compounds in the United States, and is obtained 
in two grades, 92% and 84-92% strontium sulfate. 
The ore is first treated with 10% hydrochloric- acid 
and then with water, which leaches out the calcium 
sulfate and carbonate that are the chief impuritiee- 
A small excess of sodium carbonate is then added 
and the solution is shaken at 150-160^F for 6 
hours, after which approximately 85% of the stron- 
tium is precipitated as the carbonate. Part of the 
supernatant liquid is then removed, more sodium 
carbonate is added» and the liquid is agitat^ for 
10 more hours. The precipitate is then allowed to 
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settle for 4 hours, after which, the clear super- 
natant liquid is decanted and the precipitate is 
,va‘«hed three times with hot water. The precipitate 
is taken up again in hydrochloric acid and repre- 
oipitatcd by the use of sodium carbonate. This pre- 
ripitate is washed several times with hot water 
until the supernatant liquid is largely chloride- 
free, and then is filtered, pressed dry, and ground 
to a powder. The carbonate is sold as a fine white 
powder of various grades for the preparation of 
oiher salts. 

Strontium is divalent in all its compounds which 
are, aside from the hydroxide, fluoride, and sul- 
fate. quite soluble. Strontium perchlorate has an 
appreciable solubility in organic solvents. The 
nitride is ionic and reacts with water to give am- 
monia, whereas strontium carbide, SrCjf, releases 
acetylene upon hydrolysis. The sulfide may be 
formed by reduction of the sulfate with charcoal, 
and it undergoes hydrolysis in water to form 
.SriSH)^. Strontium is a weaker complex-former 
than calcium, giving a few weak oxy complexes 
willi tartrates, citrates, and so on. The large elec- 
irical conductivity of slrontium boride, SrBo, ap- 
proaches values which are characleristi** of metals. 

The reaction of strontium with hydrogen is 
vijjoroiis and complete at temperatures of a few 
hundred degrees. The hydride, SrHj, reacts with 
alcohols to form the alcoholates and may be used 
in place of calcium hydride for organic condensa- 
tion and reduction reactions. The comf)lex alkyl, 
SrZniCHjCH.j) 4 , has been isolated and has the 
hiph chemical reactivity expected of metal alkyls. 
(CIl;CH 2 )i:Sr, which can he prepared only in so- 
lution. behaves as a Grigiiard reagent. 

Cdls -C -CHa + (CH:4CH2)‘2Sr 

1 

Sr - CHa -Clla 


0 

/ 

C-OH 


Cells 


C— CII 2 — Clla- CH, — CelU- C -CjHy 

I I 

CgHb C6H6 


Analytical methods. The determination of stron- 
hurn involves the prior separation of any barium 
l>y precipitation as the insoluble chromate and the 
subsequent precipitation and weighing of stron- 
iium sulfate. Strontium salts can be recognized 
qualitatively by their vivid crimson flame colora- 
tion. See Alkaline-karth metals. Ir.f.r.] 


Strophanthus 

^ genus of woody climbers of the dogbane family 
lApocynaceae) , natives of tropical Asia and Af- 
•tca. They are the source of arrow poisons. The 
dried, greenish, ripe seeds of Strophantus hispidus 
®^d S. kombe contain the glucoside, strophanthin, 
J^^lch is much used in treating heart ailments. 
Strviphanthin acts directly on heart muscle, increas- 
^*^8 muscular force. It causes the heart to beat 
^^'ore regularly and decreases the pulse rale, Stro- 
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Seed of Sfrophanthus kombe. (a) Follicle, (b) Seed, 
natural size, (c, d, e) Sections of the seed. (From T. E. 
Wallis, Textbook of Pharmacognosy, 3d ed.. Little, 
Brown, 1955) 


phanthin is also a precursor of cortisone used in 
ihc treatment of arthritis. See Gentianales. 

I e.u.s. I 

structural analysis 

All structures must be designed to carry loads 
without danger of over-all collafise or failure of 
their components. One way to assure structural 
safety is to ascertain that stresses and strains 
produced by loads arc less than those allowed by 
established design codes. The determination of 
stresses and strains in proposed new structures is 
a primary objective of structural analysis. See 
Stress and strain. 

Generally, analysis begins with a check of the 
over-all stability of a structure. This involves first 
the determination of the forces exerted by the 
structure against its supports. If the supports are 
adeipiate to withstand these forces, they, in turn, 
react with ^equal but opposite forces against the 
structure. 

• ff computation shows that the reactions balance 
the loads (weight of structure, occupants, stored 
materials, vehicles, wind, earthquake forces), the 
structure is in static equilibrium. See Statics. 

7'he next step is determination of internal forces 
and unit stresses in the components of the struc- 
ture. Finally, if necessary, the deformation of the 
structureL.as a whole and of its components may be 
calculated (see Structural deflections). These 
steps are facilitated by use of principles and equa- 
tions, such as the law of equilibrium, method of 
least work, moment distribution and dummy unit- 
load method. Many of these tools are based oq the 
assumption that the structure is elastic mider 
loads ; that is, stress is proportional to strain. 
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Basic princtplM. The law of equilibrium is 
basic in structural analysis. It is useful in com- 
puting reactions of beams, trusses, frames, arches 
and other structures, as well as stresses. For ex- 
ample, the structures in Fig. 1 are acted upon by 
coplanar, nonconcurrent force systems, or loads 
and reactions. These must balance if the structures 
are stable. 

When in equilibrium, the structures must satisfy 
three conditions, or equations : ( 1 ) the sum of the 
horizontal components of all the forces must equal 
zero; (2) the sum of the vertical components must 
equal zero; (3) the sum of the moments about any 
axis normal to the plane must equal zero. 

The three independent equations permit three 
unknowns to be found. Thus, the equilibrium equa- 
tions can be used directly to compute the reactions, 
bending moments, shears, and therefore the 
stresses. When these equations are satisfied, a struc- 
ture is said to be statically determinate. Figure \a 
is an example of such a structure; there are three 
unknowns — vertical and horizontal components of 
the reaction at the left end and a vertical reaction 
at the right end. 



(P) (b) (c) 


Fig. 1. Stable and unstable structures. The structure 
in (a) is stable, those in (b) and (c) are not. The tri- 
angle indicates that the structure is attached, the 
circle that the structure, while supported, can move. 

The structures in Fig. 16, with no horizontal 
reaction to balance the horizontal load, and Fig. Ir, 
with no balancing support moment, do not satisfy 
the law of equilibrium ; they are unstable. 

Another basic tool of structural analysis is the 
principle of superposition. It states that the total 
moments, shears, stresses, and deflections caused 
by a group of loads are equal to the sum of the 
effects of the separate loads, if the combined ef- 
fects do not stress the material beyond the ela.stic 
range. 

Statically indeterminate structures. When the 
number of reaction components exceeds the num- 
ber of independent equations that must be satisfied 
by the loads and reactions when equilibrium exists, 
the structure is statically indeterminate. For ex- 
ample, if the columns of the rigid frame in Fig. 2a 
are fixed at their bases d and e, there will be six 
reaction components, as indicated in Fig. 2b. This 
structure will be indeterminate to the third degree ; 
there are six unknowns, whereas the law of equilib- 
rium yields only three equations. ^ 

Approximate methods are available for the anal- 
ysis of statically indeterminate structures. These 
methods are based on the results of exact analysis 
or examination of a modiel constructed of flexible 
splines. Such studies show that in a rigid frame 
restrained against rotation at the base, the mem- 



Fig. 2. (o) A statically indeterminate structure, (b) 
and //p are the horizontal reactions to P at points d 
and e, and the vertical reactions, and and 
Mf, the moments, (c) The points of contraflexure or 
changes of curvature are /, g, and h. 

bers change curvature somewhere near their mid- 
points, as indicated in Fig. 2c;, Bending moment is 
zero at such points. Thus, the)^ points of contra- 
flexure are equivalent to pin joints. 

If their locations are assumed in the columns and 
the girder of the frame in Fig. 2, and if it is abo 
assumed that column shears are each equal to one- 
half the lateral load, the reactions may be found 
from the equations of equilibrium. Similar approxi- 
mate methods (described in the following subsec- 
tion) have been used to estimate wind stresses in 
building frames (Fig. 3). 

Approximate methods. The portal method o( 
computing wind stresses in multistory frames as- 
sumes that there are points of contraflexure at ih^ 
midpoints of columns and girders and each interior 
column will receive twice as much shear as an 
exterior column. The resulting structure is statically 
determinate. ^ 

The cantilever method also assumes that there 
are points of contraflexure at the midpoints of 
columns and girders. In addition, it assumes that 
the unit direct stresses in the columns vary as the 
distances of the columns from the center of gravity 
of the frame. Again a statically determinate struc- 
ture results. 
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Fig. 3. Diagrammatic raprasenfotion of tha frama 
o building showing' opproximota mafhod pf atfliaatiafl 
wind strassas (as indicotad by orrows). 




Fig. Moments at ends of members in a struc- 

ture. 


Some approximate methods for finding the effects 
uf horizontal loads on multistory frames have been 
proposed that take into account the stiffness of the 
members. These include the Witmer K-percentage 
method, the factor method, and the C method. 

Many high building frames were designed with 
the aid of the portal and cantilever methods at a 
time when the only exact methods available were 
the laborious, time-consuming use of Castigliano's 
theorem and the method of least work. Now, with 
additional exact methods (slope deflection and 
moment distribution) and computing machines 
available, it may he that the approximate methods 
are obv^olele. 

Castigliano’s theorem may he applied to con- 
tinuous beams and to frames of the type shown in 
Fifs. ,1 It states that the first partial derivative of 
the strain energy with respect to any particular 
four (or moment) is equal to the displacement 
(or rotation) of the point of application of that 
force lor moment) in the line of its application. 

This theorem is closely related to the least work 
principle, which says that in a loaded statically 
indeterminate structure the total internal work is 
the minimum consistent with equilibrium. For ex- 
ample, consider Fig, 2 and assume that the struc- 
ture is fixed at the base of the right column. The 
unknown reactions are H,u V,u and Mft. The total 
work in the structure is expressed in terms of these 
and the applied load P, Partial derivatives with 
respect to the three redundant reactions (that is, 
unknowns) are set equal to zero. These three equa- 
tions yield the values of the unknowns. 

An unsymmetrical frame of the type of Fig. 3 
nine redundants per story; that is, it is un- 
determinate to the twenty-seventh degree. Its solu- 
tion by the method of least work is cumbersome. 

In setting up the work equation for direct stress 
itnd moment, re.spectively, use is made of the fol- 
lowing terms: 


r 


S^L 

2AE 


and W 


UPdx 

2EI 


^here W is work, S the direct stress in a meml^er, 
length of the member, A its cross section. E 
the modulus of elasticity, M the moment due to the 
applied loads and unknowns, expressed in terms of 
^nd / is the moment of inertia. In many frames 
the work due to direct stress is small and may be 
*»eglected. 
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Slope-deflection method. This method is based 
on the equation 

2EI 

Mah' {20a + et^3R)±MFai 

where Mat is the moment at the a end of member ah; 
E is the modulus of elasticity of the material ; I is the 
moment of inertia of a cross section of ab; L is the 
length of ab; 6^ is the rotation in radians of the a 
end of ab; Ob is the rotation in radians of the b end 
of ab; R is an angle in radians equal to the movement 
of b relative to a divided by L; and Mpat *8 fixed- 
end moment that would occur at a if ob were a fixed 
beam carrying the actual transverse loads on that 
member. 

In Fig. 4 the moments could be written for the 
ends of the members if dd, and R (the hori- 
zontal movement of de relative to points c and /, 
divided by the length of ef) were known. Three 
slope-deflcction equations for Fig. 4fe may be 
written to determine these values : 

Mdt, — Mdtt * 0 Med — Mef * 0 

Med + Afrfr + Mef + Mfe + PlLcd “ 0 

These, when solved, yield the unknowns. 

The solution of the forces and stresses in a frame 
such as that in Fig. 3 would require the solution of 
15 simultaneous equations. The unknowns are the 
rotations of the 12 joints and an R term obtained 
from the shear in the columns of each story. 

Three-moment equation. The three-moment equa- 
tion permits analy.sis of beams that are continuous 
over more than one span. Such beams are statically 
indeterminate because there are insufficient eqiii- 
librium equations for determination of reactions. 
They differ from simply supported beam.s also be- 
cause they are subjected to bending moments at 
supports. 

The three-moment equation expresses a relation 
between the moments over three adjacent supports 
(one or two may be fixed ends). It is deirived by 
equating the slopes of the two spans that meet over 
an intermediate support. With the slope-deflection 
equations, the slopes may be expressed in terms of 
the moments at the supports and the loads on the 
spans. The three-moment equation is used as many 
times as there are unknowns. 

Moment-distribution method. The moment-distribu- 
tion method for continuous beams and frames is 
based on the fact that the moments in the structure 
in Fig. 5a may be determined by adding the moments 
from Figs. 5b and c. In Fig. 56, de is regarded as a 
fixed beam with a fixed-end moment Mp^^. In Fig. 5r, 



FIq. 5. (o, b, c). Illuffrotipg the memenl-dittril^tion 
method for eontin^ous beoMi and framei. 
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Fig. 6. Moment distribution in o continuous beam. 



the moments at joint d will be resisted at d by the 
four members in the ratio of their stiffness (that is, 
the I/L of each member). Also there will be induced 
at the far end of each member a moment equal to 
one-half of the moment at the d end, if each member 
is prismatic. 

In the analysis of a continuous beam or frame 
by moment distribution, the members framing into 
each joint are considered a fixed-end frame of the 
type shown in Fig. 5a and the moments are dis- 
tributed as just described. Each such distribution 
yields an approximate solution. The analyst pro- 
ceeds from joint to joint, a number of times. For 
example, (or the continuous beam in Fig. 6 , the 
distribution might be started at the center support, 
then proceed to the supports on both sides, after 
which the procedure would be repeated. The cor- 
rections become smaller and smaller in each cycle. 

When, as in Figs. 2 or 3, one end of a member 
moves relative to the other, sidesway occurs. This 
complicates the solution, but it can be dealt with. 
Equations can be written in terms of horizontal 
shears, or converging approximations can be ap- 
plied, to determine the moments resulting from 
sidesway. 

Indeterminate trusses. Trusses may also be in- 
determinate. They may have redundant bars, that 
is, bars in excess of the number needed in a stati- 
cally determinate structure; for example, the 
double diagonals in the panels of the truss in 
Fig. 7, if these are made capable of carrying both 
tension and compression. Like continuous beams, 
trusses may have redundant reactions; for exam- 
ple, any reaction in Fig. 8 a (or bar /, since its 
removal will result in a determinate structure) . 

Types of indeterminate trusses may be solved 
by the method of least work. Also, the truss in 
Fig. 8 may be analyzed by any method of comput- 
ing deflections. The deflection at e may be calcu- 
lated with the center support removed as in^Fig. 
86 , and the load may be determined that will cause 
an equal but opppsite deflection at e as indicated in 
Fig. 8 c. The addition of the resulting stresses will 
be equivalent to those in the truss of Fig. 8 a in 
which the deflection at e equals zero. 

Ifllllltlira lillM. For structures subject to change 
ing or moving load systems, influence lines facili* 


tate analysis. These curves may be plotted loriuch 
needed data as reactions, bending moments, shears 
deflections, and stresses. 

An influence line for bending moment at a point 
in a beam is a curve that shows the variation of 
moment at the point as a unit load passes over the 
structure. For example, Me in Fig. 9 is the influ^ 
ence line for moment at c. 

A unit load in the position x as shown in Fig. 9 
will cause at c a moment of 5x/20, An ordinate of 
this amount is plotted under the load. As x varies 
from zero to 15, the moment at c varies from zero 
to 15/4. Also, as the load passes from c to a the 
moment reduces to zero. This influence curve 
shows that maximum moment at c due to a con- 
centrated load P will occur when the load is at v 
and will equal 15P/4. The midpoint of the beam 
has the highest influence-line ordinate for moment 
L/4 (where L is the span). 



(c) 

Fig. 8. {q, b, c). Computing deflections in on inde- 

terminate truss. 



Fig. 9. Influence Mines for bending moment Me 
point c, end for shear Se at point c. 


The influence line for shear at c (S<. in Fig. 9) 
shows that for maximum shear a single load must 
placed adjacent to c and on the longer of the 
segments into which c divides the beam. A uniform 
load must be placed only on the longer segment for 
maximum shear. The highest shear influence-line 
ordinate occurs for the point adjacent to the sup- 
port. This ordinate equals one; that is, the shear 
equals the load. 

If an indeterminate structure such as that in 
Fig. 8 must be analyzed for moving loads, an influ- 
ence line for the reaction at e may be constructed. 
Plotting this curve can be simplified by applying 
the principle that a deflection diagram to an appro- 
priate scale is an influence line. For the truss in 
Fig. 8 with the support at e removed, the deflection 
rurve due to a load at e is, to a different scale, the 
influence line for reaction at e. 

Model analysis. The relation between deflec- 
tion curves and influence lines has led to stress 
analysis through the use of models. Reactions in a 
continuous beam, such as cde in Fig. 10a may be 
determined by constructing influen(!e lines with the 
aid of a spline. For example, if deflection is pre- 
vented at c and d when the spline is forced out of 
position a unit distance at c, as indicated in Fig. 
10/;, the curve formed is the influence line for re- 
action at e. Similarly, if the frame in Fig. 2 is 
restrained against any motion at c, and point d is 
given a unit horizontal motion (with vertical trans- 
lation and rotation prevented at d), the distorted 
frame will be the influence line for shear at d, 
when the ordinates are measured normal to the 
original axis of any member. Similarly, influence 
lines for axial stress Vd and moment Md may be 
runs! meted. 



^'9' 10. (a) Continuous beam, (b) Influence line. 


The Beggs method of model analysis utilizes 
Rages that force a model (usually of celluloid) to 
rnake small translations or rotation at a cut sec- 
hon. At target points that have been set on the 
wiodel, movement is measured with a microscope. 
The ratio of target movement to movement at the 
section is the same as the ratio of reaction at 
the cut section to load at the target point. The 
jnodel need not be composed of prismatic mem- 
bers ; they may be tapered, haunched, or curved. 

Similitude deals with the effects that are intro- 
duced because lengths, transverse dimensions, and 
|uoduli of elasticity are different in the model and 
the actual structure. These differences will not 
the influence lines for .shear and direct stress. 
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However, influence lines for moment must be mul* 
tiplied by the ratio of lengths in the actual struc- 
ture to corresponding lengths in the model. [h.l.b.] 

Bibliography \ M. I. Hetenyi, Handbook of Ex- 
perimental Stress Analysis^ 1950; J. P. Michalos, 
Theory of Structural Analysis and Design^ 1958; 
H. Sutherland and H. L. Bowman, Structural The- 
ory^ 4th ed., 1950; S. Timoshenko and D. H. Young, 
Theory of Structures, 1945; Trans, ASCE, 107: 
925-954, 1942; J. B. Wilbur and C. H. Norris, 
Elementary Structural Analysis, 1948. 

structural connections 

Means of joining the individual members of a struc- 
ture to form a complete assembly. The connections 
furnish supporting reactions and transfer loads 
from one member to another. Loads are transferred 
by rivets, bolts, or welding supplemented by suit- 
able arrangements of plates, angles, or other struc- 
tural shapes. When the end of a member must be 
free to rotate, a pinned connection is used. 

The suitability of a connection depends on its 
deformational characteri.stics as well as its strength. 
Rotational flexibility or complete rigidity must be 
provided according to the type of structure and 
degree of end restraint assumed in the design. A 
rigid connection maintains the original angles be- 
tween connected members virtually unchanged 
after loading. Flexible or nonrestraining connec- 
tions permit rotation approximately equal to that 
at the ends of a simply supported beam. Inter- 
mediate degrees of restraint are called .semirigid. 

Framed web connections. A commonly used 
form of connection for I-beam sections, called a 
web connection, consists of two angles attached to 
opposite sides of a member and which are in turn 
connected to the web of a supporting beam, girder, 
column, or framing at right angles. A shelf angle 
may be added to facilitate erection. 

Riveted or bolted web connections. The angles 
and the rivets that fasten them are designed to 
transmit shear force only as a simple beam con- 
nection. The rotation results from the flexibility of 
the outstanding angle legs (Fig. 1). For rotation 
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appraximatii>g that of a simple beam, the angle 
legs may become permanently bent. A small end 
moment is developed by the forces necessary to 
bend the angles. For building construction, web 
connections have been standardized for varying 
beam sizes and are listed in handbooks. 

Welded web connections. Flexible welded con- 
nections are made with web framing angles at- 
tached to the supported beam by fillet welds along 
the length and ends of the angle legs. These legs 
are narrow for economy, and the size of weld is 
such as to resist combined bending and shear with- 
out exceeding limiting shear stresses. The legs 
connect^ to the supporting member are attached 
by fillet welds along their outer edges (Fig. 2). 


m 


supporting web 
or flange 


inr 




weld return 


“erection bolts 



To prevent tearing, the edge fillet welds are re- 
turned a short distance around the top corners 
where the stress is greatest. The end rotation of the 
connected beam results from the flexing of the 
outstanding legs. Erection bolts are placed near 
the bottom of these legs so as not to interfere with 
the bending. 

Another type employs a T section whose flange 
is welded to the supporting member with two verti- 
cal welds. The stem overlaps the beam web and is 
attached by a vertical fillet weld along the edge, 
supplemented by a weld along one side of a vertical 
slot cut in the stem. Flexibility results from the 
bending of the T flange. 

Seat connections. A bracket or shelf on which 
the end of the beam rests is a seat connection ; it is 
intended to furnish the end reaction of the sup- 
ported beam. The bracket may be attached to the 
support by rivets or welding. Two general type$ are 
used: the unstifiened seat provides bearing for the 
beam by a projecting plate or angle leg which 
offers resistance only by iU own flexural strength ; 
the stiffened seat is supported by a vertical plate or 
angle which transfers the reaction force to the sup- 


& 



Fig. 3. Unstiffened seat connections. 


porting member without flexural distortion of the 
outstanding seat. 

Unstiffened seat connections, A simple form con- 
sists of an angle sufficiently l<^g to engage the 
flange width, with its vertical 1^ attached to the 
support and the outstanding leg serving as the end 
bearing for the beam (Fig. 3). The unstiffened 
angle acting as a cantilever is suitable for small 
loads. 

In riveted angle seats, the size of the angle must 
be such as to permit sufficient rivets in the vertical 
leg. The outstanding leg must project enough to 
distribute the beam reaction and thus avoid crip- 
pling of the beam web. Thick angles tend to con- 
centrate the reaction near the outer edges as the 
beam rotates. The distribution is greater for thin- 
ner angles which bend with beam rotation (Fig. 3). 
The uncertainty of the reaction eccentricity and 
the effect of connecting the beam flange to the seal 
require approximations in the analysis. To provide 
lateral stability, a^ angle is usually connected to 
the upper flange of the beam, permitting rotation 
without shear resistance. 




Fig. 4. Weidod top ongle and soot connection. 






Fig. 5. Stiffened seat connections, (o) Riveted stif- 
fened seat, (b) Welded stiffened seat. 


In welded angle seats, the angle forming the seat 
ij, attached to the support by vertical fillet welds 
along the edges with a short return to the top. 
These welds are subjected to shear and bending 
hrcca due to eccentricity of load. The beam flange 
is attached to the seat by short edge welds (Fig. 4) . 
The top angle is attached by fillet welds along the 
nuter edges of both legs. Bending of the seat and 
Hrxing of the top angle provides a dependable 
amount of rotation of the beam. 

Stiffened seat connections. To provide sufficient 
rivets to resist large reactions and also to reinforce 
the seat against bending, one or two vertical angles, 
attached to the supporting member, are fitted 
lightlv against the underside of the seat angle leg. 
The legs of the stiffener angles extend to the outer 
edge of the seat. The thickness of these angles pro- 
vides contact area with the seat to limit the com- 
pression stress and avoid local buckling. A filler 
plate is placed back of the extended stiffener 
angles (Fig. .5a). The rivets connecting the stif- 
feners resist vertical and transverse shear. Tension 
produced in the upper rivets and bearing pres- 
sures develop at the bottom of the stiffener owing 
to the moment of the eccentric load. 

Welded stiffened seats are made with a length 
of structural T, attached to the support by vertical 
fillet welds on both sides of the stem and additional 
^elds along the underside of the flange to provide 
torsional stiffness (Fig. 56). A short weld attaches 
beam flange to the seat. A top angle is welded 
along the outer edges of both legs, forming a flexi- 
ble connection. The stiffness of the seat tends to 
concentrate the reaction force near the outer edge 
the seat. The vertical welds resist shear and 
«'f»ment. 

Eccentrically loaded connections. When the 
action line of a transferred force does not pass 
through the centroid of the connecting rivet group 
or welds, the connection is subjected to rotational 
^^’nient which produces additional shearing 
'^tresses in the connectors. The load transmitted by 
*fiagonal bracing to a supporting column flange 
through a gusset plate is eccentric with reference 
the connecting rivet group; as a consequence. 
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moment Pe tends to rotate the plate (Fig. 6a). 
Each rivet must resist its share of P plus the force 
induced by the moment, which is proportional to 
the distance from the centroid. These forces are 
combined vectorially to find the resultant rivet 
force (Fig. 66). Similar conditions exist in a col- 
umn bracket or connections required to transmit 
moments caused by lateral forces on a building 
frame (Fig. 6c). In welded connections the maxi- 
mum stress in the weld is also the effect of the 
combined shear and moment. 

Rivets in tension. In stiffened seat connections 
or when angles transfer load from a gusset plate to 
the face of a column, some rivets are subjected to 
tension induced by moments. No initial tension 
exists in cold-driven rivets, and the tension pro- 
duced by applied moment is found by the flexure 
formula after locating the neutral axis. 

Hot-driven rivets have initial tensile stresses in 
the shank as a result of restraint of contraction 
during cooling. Tests have shown there is a re- 
sidual stress of about 24,000 ksi accompanied by 
compression on the contact surfaces of the con- 
nected parts. Applied moment increases the rivet 
tension and decreases the accompanying compres- 
sion. Analysis shows that the final tension is not 
appreciably greater than the initial tension and 
the connected parts do not separate under usual 
working loads. 

When rivets are subjected to both shear and ten- 
sion the resultant maximum stresses are computed 
by the combined stress formulae for maximum 



Fig. 6. Eccentrically loaded connections, (a) Diagonol 
bracing, (b) Resultant rivet forces, (c) Lateral forces to 
column from frome produce eccentric loodlng. 
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principal stress and maximum shear stress (see 
Stress and strain ) . The maximum combined stress 
will be greater than the stresses caused by the 
tensile or shear forces acting alone. Some specifi- 
cations limit the maximum combined stress to the 
value permitted in shear acting alone. 

Momant-rwiiting connections. Rigidity and 
moment resistance are necessary at the ends of 
beams forming part of a continuous framework 



Fig. 7. Moment resisting connections, (o) Seat and 
T or two Ts. (b) Brocket or stiffened beom seat, 
(c) Welded type. 


which must resist both lateral and vertical loedg. 
Wind pressures tend to distort a building frepie, 
producing bending in the beams and coluauig 
which must be suitably connected to transfer both 
moment and shear. The resisting moment can be 
furnished by various forms of angle, T, or bracket 
connections. 

A riveted connection consisting of web framing 
angles supplemented by angles connected to both 
top and bottom flanges is suitable for small end 
moments. The web angles are assumed to transfer 
the shear, while the flange angles connected to the 
column apply forces to the beam flanges which 
form the resisting couple. The end moment is 
limited by the number of rivets which can be pro 
vided in the legs of the flange angles and by the 
flexibility of the angles. A similar connection uti- 
lizes web angles and structural T sections for 
connection of both beam flanges, or a stiffened 
beam seat connecting the bottom flange with a T 
attached to the top flange (Fig. 7a). The tensile 
and compressive force required to furnish the re 
sisting couple may be reduced by increasing the 
lever arm ; the increase is accomplished by attach 
ing short lengths of beams called beam stubs to 
one or both flanges, thus in effect deepening the 
connected beam and increasing the arm between 
the connecting Ts (Fig. 76). 

Welded moment-resisting connections are com 
monlv made with a stiffened seat and a plate fillet 
welded to the top flange and butt-welded to the 
column flange. The column flanges are reinforced 
against bending by stiffener plates welded between 
the column flanges fFig. 7c). 

Pinned connections. Where appreciable angu 
Idir change between members is expected, and in 
special cases where a hinge support without mo- 
ment resistance is desired, connections are pinned 
Many bridge trusses and large girder spans have 
pin supports. Plates connected to the adjacent 
members or the webs of the members themselves 
engage the pin in much the same manner as a 
bolted connection. As with riveted or bolted 
joints, the factors in design include bearing, shear, 
and bending of the pins, the net section of the 
plates or connected members, and edge tear out 
Dishing or buckling of the plates must be avoided 
The size of the pin is usually determined by it^ 
bending resistance. Reinforcing pin plates mav 
be required to provide sufficient bearing. 

High-strength bolts are made from heat-treated 
steel with a yield strength up to 90 ksi and ulti- 
mate strength of about 125 ksi. To develop high 
initial tension, the bolt is tightened with a cali- 
brated torque wrench. Hardened washers under 
the head and nut distribute pressure to the as- 
sembled plates. The bolted joint transfers load by 
friction between the plates, developed by the high 
bolt tension. Because the holes are larger than the 
bolt diameter and the displacements are smalL the 
bolts are not subjected to shear or bearing. Tests 
have shown that joints with high-strength holte 
havq a higher fatigue strength and stay tighten 





longer than riveted joints under the same loading 
conditions. See Bolt; Joint (mechanical); 
Rivet; Welding and cutting of metals. 

[W.J.KR.] 
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Structural deflections 

The deformations or movements of a structure and 
jts flexural members, such as beams and trusses, 
from their original positions are called deflections. 
It is as important for the designer to determine de- 
flections and strains as it is to know the stresses 
that loads cause. See Stress and strain. 

Deflections may be computed by any of several 
methods. Generally the computation is based on 
the assumption that stress is proportional to strain. 
As a result, deflection equations involve the modu- 
lus of elasticity E which is a measure of the give of 
a material. 

The relation between deflections at different parts 
of a structure is given by Maxwell’s law of recip- 
rocal deflections. This states that if a load P is 
applied at any point A in any direction a and 
causes a shift of another point B in direction 6, 
the same load applied at B in direction b will cause 
an equal shift of A in direction a (see illustration). 
The law is used in a number of ways such as in 
simplifying deflection calculations, checking the 
accuracy of computations, producing influence 
lines. See Structural analysis. 

Beam and truss deflections usually are computed 
by similar methods, except that integration is used 
for beam equations and summation for trusses. 
Beam deflection equations Involve bending mo- 
ments and moments of inertia. Truss deflection 
equations are based on the stresses and cross sec- 
tional areas of chords and web members. For ex- 
ample, the dummy unit load equation takes this 
form for beams: 

Mmdx 

~wr 

where 8 is the deflection, M the bending moment 
due to applied loads, m the moment due to the 
dummy unit load applied at the point where the 


b 



^mple of AAoxwell's low orf reciprocal deflections. 


Structurol goology 203 

deflection is to be obtained, E the modulus of 
elasticity, and / the moment of inertia of a cross 
section of the beam. For trusses, it takes this form: 

where 8 is the deflection, 5 the stress in pounds in 
any member due to the actual load, u the stress in 
the member due to the dummy unit load applied 
where the deflection is to be obtained, L the length 
of the member, and A its area. 

Deflections also may be determined graphically. 
The Williot-Mohr diagram, for example, often is 
used for trusses. It requires preliminary computa- 
tion of stresses S and length changes SL/AE for 
truss members and plotting of these deformations 
to scale. [H.L.B.] 

Structural geology 

The branch of geology which, in the broadest sense, 
has to do with the description and analysis of the 
forms and interrelations of rock bodies. Structural 
features that came into being during the formation 
of the rocks are termed primary; those that were 
imposed upon the rocks after their formation are 
secondary. Although primary structures, such as 
bedding and igneous features, are considered in 
the study of structural geology, its major role is 
the description and analysis of secondary struc- 
tures. Tectonics is synonymous with structural ge- 
ology. Investigations of tectonic features involve 
their descriptions and interrelations, the analysis 
of the mechanics by which they were formed, and 
finally the synthesis of all structural data. See 
Fault and fault structures; Fold and fold 

SYSTEMS. 

A large body of information has accumulated 
describing the general forms of various secondary 
structures. However, most of these investigations 
have been qualitative rather than quantitative. For 
example, few studies have been designed to meas- 
ure systematically the forms of folds, the direc- 
tions of minute displacements on fractures, or the 
internal distortion in rocks. Considerably more 
progress has been made in understanding the inter- 
relationships of various structures, and undoubt- 
edly this is the direction in which structural geol- 
ogy has made its greatest advance. A vast amount 
of. ihformation has been compiled on the relation- 
ships of minor to major structures, and certain of 
these relations have been sufliciently generalized to 
allow their use in inferring the presence of major 
tectonic features. See Tectonic patterns. 

Structures have time as well as space relations, 
and the ^tudy of the sequential development of 
tectonic features generally proceeds hand in hand" 
with the study of their spatial relations. Such 
studies attempt to ascertain the relative time of 
formation of various structures as well as to inte- 
grate the sequence of tectonic events into a unified 
geological history of the eflrth. See Geology. 

The study of the mechanics by which various 
secondary structures are formed has taken ^duree 
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general directions. One Iwe of investigation has 
sought to determfaie the physical characteristics of 
rocks under various environmental conditions by 
appropriately designed experiments. A second ap- 
proach has attempted to mimic, either by actual 
experiment or by theoretical analysis, the form of 
structures as they occur in nature. And finally, 
attempts have been made to discover how the crys- 
talline fabric of a rock deforms so as to accommo- 
date itself to the general structural form. See Rock 
mechanics; Structural petrology; see also 
High-pressure phenomena. 

Experinfiental taste. Of fundamental importance 
in understanding the deformation of rocks is the 
design of experiments to obtain information con- 
cerning the physical properties of rocks under 
various conditions. These data provide the basis 
for the mathematical theory of elasticity and 
plasticity in rocks. Toward this end compression 
tests, extension tests, and experiments involving 
the punching of disks have been performed under 
conditions of various pressures and temperatures 
on both minerals and rocks. These experiments 
have furnished considerable information on the 
strengths of minerals and rocks and on the con- 
ditions under which they behave elastically or 
plastically. However, other factors are also impor- 
tant. Experiments in which the test block is im- 
mersed in a solvent yield different results from 
those obtained from tests in which the specimen is 
dry. The rate of application of the deforming pres- 
sure is also critical in controlling the nature of the 
deformation. Pressures and temperatures which are 
insufficient to cause plastic deformation in experi- 
ments in which the deforming pressure is applied 
rapidly are sufficient for plastic deformation when 
the same pressure is applied slowly. The informa- 
tion gained from these experiments is extremely 
important but as yet incomplete. 

Experimental models. In mimetic investigations 
the correspondence of detail of form between the 
natural structure and the experimental or theoreti- 
cal form serves to identify the mechanism of de- 
formation. In the simplest experiments the gross 
features of the natural structure are duplicated by 
a model in which the character of the material and 
the magnitude and distribution of pressures are 
controlled. Most of these experiments have limited 
significance because of the difficulty in scaling the 
factors involved in the natural structure down to 
the size of the model. An alternative approach 
utilizes certain assumptions concerning the stress 
distribution and the physical characteristics of 
rocks in the equations of elasticity and plasticity 
to compare the resulting theoretical form with 
that of the natural structure. This sort of device 
overcomes many of the problems of the experi- 
mental approach, However, in practice, consider- 
able difficulties are encountered. Much of the basic 
data concerning the physical characteristics of the 
rocks and the environmental conditions are in- 
adequately knoVm, and the equations of elasticity 
and plasticity are not sufficiently genera] to be 
applied to the complex structures, in nature. 


Fabric analysit. Studies aimed at the elorid,. 
tion of how the crystalline fabric accommodate it. 
self to various structural forms have been \Sksti 
upon detailed statistical descriptions of the fabrics 
of natural rocks. Such investigations have demon, 
strated that minerals in deformed rocks may have 
shape orientation, internal structural orientation 
or both. Additional information has been obtained 
from studies of fabrics imposed on rocks in the 
laboratory. These experiments have shown that in. 
tracrystalline deformation involving twinning and 
gliding has contributed to the over-all distortion 
of the rock, although without doubt intercrystal, 
line deformation is also an important factor. In 
addition, observations of the fabrics of natural 
rocks suggest that the process of solution and 
recrystallization may be an implbit^^^ factor. Few 
experiments have been designed to test the effec. 
tiveness of this process, but attempts to approach 
the orientation of the internal structure of minerals 
from the thermodynamic standpoint have had 
limited success in certain simple cases, and this 
theoretical approach implies a process of solution 
and recrystallization. See Petrofabric analysis; 
Petrology. 

The ultimate goal of structural geology is the 
synthesis of all structural knowledge into a unified 
whole. In the light of present knowledge, such a 
synthesis is somewhat unsatisfactory because it is 
necessarily based on incomplete and faulty data. 
The geology of large tracts of the earth’s surface is 
incompletely known, geophysical techniques pro- 
vide but scanty information concerning the depths 
of the earth, and me mechanical basis for the for- 
mation of structures is only approximate. None- 
theless, attempts to compile the available data have 
value in that they help to bring the whole field of 
structural geology into focus and to stimulate in- 
vestigations of critical problems. See Engineering 
geology; Tectonophysics. fp.H.o.] 

Bibliography: M. P. Billings, Structural Geology, 
2d ed., 1954; L. U. DeSitter, Structural Geology, 
1956; E. S. Hills, Outlines of Structural Geology, 
3d ed., 1953; C. M. Nevin, Principles of Structural 
Geology, 4th ed., 1949. 

Structural materials 

Construction materials which, because of their 
ability to withstand external forces, are considered 
in the design of a structural framework. Materials 
used primarily for decoration, insulation, or other 
purposes are not included in this group. 

Structural clay products. The principal prod* 
ucts in this class are the solid masonry units such 
as brick and the hollow masonry units such as clay 
tile or terra cotta. 

Brick is the oldest of all artificial building lua* 
terials. It is classified as face brick, common bricki 
and glazed brick. Face brick is used on the cX’ 
terior of a wall and varies in color, textur^ aua 
mechanical perfection. Common brick consists of 
the kiln run of btick and is used principally^^ 
back-up masonry behind whatever facing 
is employed. It provides the necessary wall 



ggs and additional atructural atreni^. Glazed 
brick is employed largely for interiora vdiere 
beauty, ease of cleaning, and sanitation are pri- 
mgry considerations. 

Structural clay tiles are burned-clay masonry 
units having interior hollow spaces called cells, 
i-y^b tile is widely used because of iu strength, 
bghtness in weight, and insulating and fire-protec- 
tion qualities. Its size varies with the intended 

Load-bearing tile is used in walls that support, 
in addition to their own weight, loads that frame 
into them, for instance, floors and the roof. Tiles 
manufactured for use as partition walls, for fur- 
ring, and for fireproofing steel beams and columns 
are classed as nonload-bearing tile. Special units 
are manufactured for floor construction. Some are 
used with reinforced-concrete joists, and others 
with steel beams in flat-arch and segmental-arch 
(onstriiction. 

Architectural terra cotta is a burned-clay ma- 
terial used for decorative purposes. The shapes 
are molded either by hand in plaster of pans 
niiilds or by machine, using the stiff-mud process. 

Building stones. The building stones generally 
ihed by the architect and engineer are limestone, 
sandstone, granite, and marble. Until the advent of 
^teel and concrete, stone wa« the most important 
liiiildmg material. Its principal use now is as a 
fluorative material because of its beauty, dignity, 
and durability. .See Granite; Limestone; Marble; 
s\Ni)sroNE; Stone and stone products. 

Concrete. Concrete is a mixture of cement, 
mineral aggregate, and water, which, if combined 
in proper proportions, forms a fluid mass capable 
of being placed into molds and of hardening 
through the hydration of the cement. See CoN- 
CRETL. 

Wood. The cellular structure of wood is largely 
what gives it basic characteristics unique among 
structural materials. The strength of wood depends 
on the thickness of the cell walls. 

When cut into lumber a tree provides a wide 
range of material which is classified according to 
lisp as yard lumber, factory and shop lumber, and 
s»truclural lumber. Timber is lumber that is 5 in. 
or larger in its least dimension. 

The tensile strength of wood is generally greater 
than its compressive strength. The ratio of its 
strength to its stiffness is much higher than that of 
steel or concrete; therefore, it is important that 
deflection be carefully considered in the design of 
a wooden floor system. 

Uminated structural lumber is formed by gluing 
together two or more layers of wood with the grain 
®t all layers parallel to the length of the member. 
Its principal advantages are the ease with which 
members are fabricated and the greater 
ftrength of buildup members. Laminated lumber 
lor beams^ columns, arch ribs, chord mem- 
i^^s, and other structural members. See Lumber 
Wood physics. 

^bvctuml Of importance in this group 

ttre the structural steels, steel castings, aluminum 
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alloys, magnesium alloys, cast iron, and wrought 
iron. See Structural steel. 

Steel castings are used for rocker bearings under 
the ends of large bridges. Shoes and bearing plates 
are usually cast in carbon steel, but roUers are 
often cast in stainless steel. 

Aluminum alloys are strong, lightweight, and 
resistant to corrosion. The alloys most freqruently 
used are comparable with the structural steels in 
strength. However, because aluminum alloys have 
a modulus of elasticity one-third that of steel, the 
danger of local buckling is likely to determine the 
design of aluminum compression members. Also, 
the accepted ratios of depth-to-span for bridges 
must be increased to reduce deflections and to give 
maximum economy of material. Because the alloy 
is approximately 35% the weight of steel, con- 
siderable savings in weight are achieved in long- 
span structures. Additional savings occur in the 
machinery, counterweights, and towers of bascule 
or lift bridges. 

Magnesium alloys are produced as extruded 
shapes, rolled plate, and forgings. The principal 
structural applications are in aircraft, in the con- 
struction of truck bodies, and in the manufacture 
of portable scaffolding. Weight of the alloy is ap- 
proximately 110 Ib/ft*. 

Gray cast iron is used as a structural material 
for columns and column bases, bearing plates, 
stair treads, and railings. Malleable cast iron has 
few structural applications. 

Wrought iron is used extensively because of its 
ability to resist corrosion. It is used for blast plates 
to protect bridges, for solid decks to support bal- 
lasted roadways, and for trash racks for dams. See 
Cl MENT- asbestos; Gypsum plank. fc.N.c.] 

Structural petrology 

The study of rock fabric rather than of rock com- 
position. In the usage of structural petrology, rock 
fabric includes (a) planar structural features, such 
as bedding, schistosity, cleavage, and joints; and 
(b) linear features, such as fold axes, axes of in- 
tersection of planar structures, parallel alignment 
of inequidimensional grains, stretching or smear- 
ing out of grains, and grooved slickensides. All 
these features can be observed in the field or on in- 
dividual hand specimens without the aid of a mi- 
crciScope. Fabric also includes microfabric features 
recognizable under a microscope or by x-ray analy- 
sis, such as the size, shape, and arrangement of the 
constituent rock-making minerals and other com- 
ponents, as well as the lattice structure of rock- 
making minerals. 

By this study the relation of rock fabric to move- 
ments involved in the formation or deformation of 
the rock mass as a whole is established. See Petro- 

FABRIC ANALYSIS. [E.B.K.] 

Structural steel 

Steel used in engineering atruetnres, aeliany 
manufactured by eiUier the open-hearA «r the 
dectric-fumace procem. The etception la fc< oar- 
bon-ated piatea and dmppa wheae ^ckneaa li TSa 



in. or leas and which are uaed in structures sub* 
ject to static loads only. These products may be 
made from acid^bessemer steel. The physical prop- 
erties and chemical composition are governed by 
standard specifications of the American Society for 
Testing Materials (ASTM). 

Structural carbon steel (ASTM-A7) has long 
been used for ordinary riveted construction. Since 
this steel is hardenable in the zone affected by the 
heat of welding, it is not recommended for use in 
welded bridge construction. A373 steel, whose 
physical properties are comparable to those of A7 
steel, has been preferred for the main members of 
all welded bridges. The base price of A373 steel 
is somewhat greater than that of A7 steel. A36, an 
improved steel for bridges, buildings, and general 
structural use, has approximately the same chemi- 
cal composition as A373 and is therefore equally 
weldable. It has a minimum yield-point stress 
greater than that of A7 and A373, thus permitting 
the use of higher allowable design stresses with 
consequent saving of material. Because its base 
price is only slightly higher than that of A7 and 
less than that of A373, its cost-to-strength ratio is 
substantially better than A7 and A373. 

Structural nickel steel (ASTM-A8) contains 
3~4% nickel and is not classed as weldable. It is 
used primarily for the main stress-carrying mem- 
bers of large structures. 

Structural silicon steel (ASTM-A94) was first 
used in bridge construction in 1915. It has also 
been used for heavily loaded building columns. 
Because of its lower yield point and its hardness 
it is not as practicable as some of the other high- 
strength steels. 

Soft carbon-steel rivets (ASTM-A141) for rivet- 
ing structural carbon-steel structures have been 
used since 1932 and are very satisfactory. Specifi- 
cation ASTM- A 195 covers high-strength carbon- 
manganese rivets which, because of their hardness, 
are sometimes difficult to drive. ASTM-A406 high- 
strength rivet steel has a higher yield point than 
A195 and is free of the driving difficulties. 

High-strength, low-alloy structural steel (ASTM- 
A242) is used where savings in weight and re- 
sistance to atmospheric corrosion are important. 
Fabrication is more difficult and a higher grade of 
workmanship is required than for A7 steel. 

Manganese-vanadium steel and Tri-ten steel are 
recommended in welded bridge construction for 
their high strength and corrosion resistance. 

T1 steel has the highest yield point (90,000 psi) 
of the structural steels. Its resistance to atmos- 
pheric corrosion is about four times that of carbon 
steel, and it has excellent welding properties. T1 
steel can be used to advantage in the ^ighly 
stressed members of large bridges. 5ee Steel; 
Structural materials. [c.n.g.] 

Structures (engineering) 

An engineering structure is a definite arrangement 
of related el^unents or members so connected as to 
support a given set of loads in a prescribed posi- 


tion. The principal structures designed by ciill es. 
gineers are bridges, buildings, dams, docl^ re* 
taining walls, storage vessels, transmission towers 
highway pavements, and aircraft landing strips 
See Airport engineering; Bridge; Buildings* 
Coastal engineering; Dam; Foundations; High’ 
WAY engineering; Pavement; Tank; Tower. 

A structure should be useful, safe, economical 
and as attractive as possible. The design of a struc. 
ture to fulfill these requirements is usually con- 
ceived in four stages which are seldom distinct but 
are carried along more or less simultaneously. The 
first and frequently the most difficult phase is the 
development of the general layout to satisfy the 
functional requirements of the structure. Usually 
several solutions are prepared so all possible ar- 
rangements of the parts canU)e studied for the 
selection of the most satisfactory design. 5ee Con- 
struction engineering. 

The second major step in the design procedure 
is the development of the structural scheme. Since 
the functional plan may be greatly influenced by 
the need to eliminate potential structural difficul- 
ties as well as by the choice of materials and span 
lengths, the structural scheme is often developed 
during the functional planning stage. Tentative 
cost estimates of several structural layouts will 
suggest the most economical scheme. Structural 
materials are selected not only on the basis of 
their structural properties but also on the availabif 
ity of specific materials and skilled labor. Relative 
costs and wage scales are also considered. The 
character of a stoucture will often fix the choice 
of a material. Steel, aluminum, concrete, wood, 
and masonry have their own peculiar characteris- 
tics, and each is suitable for a particular form 
of construction. See Structural materials. 

The third stage of the design is structural analy- 
sis. After the nature and magnitude of the loads to 
which the structure may be subjected are deter- 
mined, the direct stress, shear, and moment in each 
member of the structure are calculated. This anal- 
ysis requires a thorough understanding of the laws 
of statics, the theory of deflections, the principles 
of statically indeterminate structures, and the 
simplifying assumptions which must invariably be 
made. See Structural analysis. 

In the final phase of the design the members of 
the structure are proportioned to resist safely the 
internal forces disclosed by the structural analysis* 
At this stage, proficiency is required in predict- 
ing inelastic behavior under combined loadings, lo 
designing for repeated loading, and in predicting 
buckling loads for inelastic eccentric columns. A 
sound knowledge of strength of materials is also 
needed. See Strength of materials. [c.n.c.] 

Struthioniformes 

An order of birds including but one family* Stru- 
thionidae, which contain jdm aing^e living species 
of ostrich {Striahio camlm^^^fraerly occupyhtg 
open areas of most of Afn<i[^ Atabia, and parts ^ 
western Asia, the ostrich is now found in a 
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state only in portions of Africa. At one time it was 
idely raised in captivity for its ornamental plum- 
ae. It is largest living bird, and differs from 
il\ others in possessing a pubic symphysis and 
?.tofd feet. The males weigh as much as 100 kg. It 
s highly adapted for running, having powerful legs 
tnd reduced wings. The breastbone is of the ratite 
)r unkeeled type. The head, neck, and thighs are 
ilmost featherless, and are brightly colored in 
)reeding males. As many as 20 eggs may be laid. 
Uthough they weigh about 1.3 kilograms each, 
are small compared to the size of the parent. 

A\ts. [K.C.P.] 

strychnine 

The principal alkaloid present in nux vomica, the 
teds of a tree native to India, Strychnos nux-vom- 
,a It was one of the first alkaloids to be isolated 
n a pure state in 1818 by P. Pelletier and J. Caven- 
(>ii The complex structure provided a fascinating 
iroblem which was pursued intensively for over a 
pntiiry, and was solved only in 1947. The synthesis 



f sirvthnine by R Woodward and his coworkers 
II 1%4 provided a confirmation of the structure. 

Nux vomica was introduced into Germany in the 
ixtmith ( entury as a poison for rats and other ani- 
iial pests Strychnine was first employed in medi- 
ine in 1540, but it did not gain wide usage until 
00 years later and has had an irregular career 
inip then. In the medical practice of an earlier 
lav, It had a reputation as a cardiovascular stimu- 
ant respiratory stimulant, and bitter tonic. Pres- 
nl da} opinion, however, holds that the therapeu- 
Kdllv desirable effects are obtainable only with 
loses bordering on the toxic. Pharmacological 
tudies have shown that many of the therapeutic 
pplicdtions of strychnine have little or no ration- 
ice Alkaloid. [s.m.k.] 

>trychnos 

^ genus of tropical trees and shrubs belonging to 
he Logania family (Loganiaceae). Strychnos nux- 
omira, a native of India and Ceylon, is the source 
|f ‘Strychnine. The alkaloid, strychnine, is used me- 
lieinally in the treatment of certain nervous disor- 
and paralysis. Curare, used by the Indians to 
>oi8on arrows, is obtained from Strychnos toxifera 
S castelnaei (in Guiana and Amazonas) ; also 
S. tieute of the Sunda Islands. Curare para- 
Vzes the motor nerve endings in striated muscles 
Used in medical practice in cases where a 
tale of extreme muscular relaxation or even im- 
jtobility is desirable. It has become an important 
in the field of anaesthesiology. See Gentia- 
Strychnine. [p.o.s.] 



Strychnos nux-vomica. Flowering branch and seeds. 
(From H, W. Youngken, Textbook of Pharmacognosy, 
5th ed., Blakiston, 1946) 

Sturgeon 

Any of several similar primitive ganoid fishes with 
cartilaginous skeletons, scales modified into a few 
longitudinal rows of bony [dates, ventral mouth 
with a row of barbels, heterocercal tall, and a per- 
sistent spiracle. Sturgeons are large, and brownish 
in color. They occur throughout the Northern Hem- 
isphere in both fresh and salt water. 

The largest sturgeon on record was caught in 
fresh water in Siberia and weighed .3000 lb; 
2000-lb specimens of the great white sturgeon, 
Acipenser transmontanus, a marine species which 
spawns in fresh water, have been taken in the Co- 
lumbia River. A, sturio^ the Atlantic sturgeon, oc- 
curs on the east coast of the United States. There 
are three fresh-water species in North America, all 
of which are becoming rare. Sturgeons live many 
vears and mature slowly ; some species do not pro- 
duce eggs until they are 20 years old, or older. 



Sturgeon, (o) Short-nosed# Adpmnter brevirosPrum, 
(b) Amerhcon# Adp^nsar sturh axyrhynchus; length to 
12 ft. (from E. L Palmar, floUbook of Natural History, 
McGraw44UI, }949) 
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True caviar ia made only from sturgeon roe, 
most of which comes from the Russian fishery in 
the Black Sea« Isinglass, now almost completely 
replaced by substitutes, is made from the swim 
bladder of the sturgeon. The flesh is highly prized 
because it is especially tasty when smoked. See 
AcIP£NSERIFORMES ; OSTEICHTHYES. [ J.D.B.] 

Sty 

An acute inflammation of one of the glands of the 
eyelids. A painful swelling appears at the root of 
an eyelash, usually an infection caused by a staphy- 
lococcus organism. The swelling results from pus 
formation, local edema, and obstruction of the 
gland duct. The external glands of Moll and the 
internal meibomian glands may be affected. A sty, 
or hordeolum, is usually associated with errors of 
refraction, poor general health, and other infec- 
tions such as blepharitis, a generalized inflamma- 
tion of the eyelids. Drainage is usually spontane- 
ous. In certain cases, the inner glands may become 
chronically obstructed and the inflammation will 
change to a small hard scar or nodule called a 
chalazion. See Staphylococcus. 

Stylasterina 

An order of the class Hydrozoa of the phylum 
Coelenterata, including several brightly colored 
branching or encrusting ^'corals’* of warm seas. 
(True corals belong to a different class, the Antho- 
zoa.) The calcareous skeleton is covered by living 
tissue and is penetrated by ramifying tubes. Nutri- 
tive polyps, the gastrozooids, lie in cups on one sur- 
face or along certain edges of the skeletal sub- 



Cryptohelia, (From L H. Hyman, The Invertebrates, 
vol, 1, McGraw-Hill, 1940) 

stance. A spine, or style, at the base of each cup 
gives the order its name. Associated with the gas- 
trozooids are special stinging polyps, the dactylo- 
zooids, which have no mouths or tentacles. Eggs 
and sperm are produced by special structures con- 
sidered to be incompletely developed jellyfish. 
Some authorities combine the Stylasterina with the 
Milleporina in a single order, the Hydrocorajlina. 
See Hydrozoa. [s.cr.] 

Stylolites 

StylolUes are irregular surfaces, mostly parallel to 
bedding planes, in which small toothlike projec- 
tions on one side of the surface fit into cavities of 
like shape on the other side. A cross section of a 



Stylolite in limestone. 

typical stylolite would be similar to a profile of a 
series of high ridges and low valleys, with many of 
the peaks and valleys being about the same ampli- 
tude. Stylolites are most common in limestones and 
dolomites but are also present in many other kinds 
of rock, including sandstones, gypsum beds, and 
cherts. Along almost all stylolite seams there is a 
thin layer of clay, quartz silt, or iron oxides, highly 
insoluble materials as compared with the rock 
proper. The amplitudes of the peaks and valleys* ^ 
range from a few millimeters to many centimeters. 

Stylolites cut across many structures in the rock'^ 
they traverse, including fossils and oolites. Com- 
monly these strucUires show truncation or partial 
solution along the stylolite seam. The 'most prob- 
able origin for stylolites is pressure solution in an 
already lithified rock. Large quantities of rock 
seem to haVe been dissolved along some stylolites 
and the thin insoluble coatings along the seams are 
apparently the insoluble residues. The insoluble 
residues are thicker at the peaks and valleys than 
in between, which also suggests a direct relation 
ship to solution residues. See Dolomite; Limk- 
stone; Sedimentary rocks. [R-s-I 

Bibliography, P. B. Stockdale, Stylolites: their 
nature and origin, Indiana Univ, Studies, 11(55): 
1-97, 1922. 

Styrene 

A colorless, liquid hydrocarbon which boils a* 
145.2®C and freezes at — 30.6°C. It is also called 
vinylbenzene or phenylethylene. The ethylenic Iin^‘ 
age of styrene readily undergoes addition reactions 
and under the influence of light, heat, or catalystSf 
will undergo self-addition or polymerization 
yield polystyrene. 

CH=CH2 



Styrene is usugjly prepal$^ industrially by 
dehydrogenation of ethylbenzene obtained by ^ 
kylation of benzene with ethylene. In 1956 

fi ' 
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production was the largest single end use for ben- 

^The most common form of synthetic rubber, 
CR.S, is a copolymer of styrene with butadiene, 
production of polystyrene, used as a molding plas- 
tic. usually consumes at least half of the annual 
(;tvrene production. 

The polymerization of styrene is exothermic and 
thermally autocatalytic so that uncontrolled poly- 
merization may occur with explosive violence. Com- 
mercial styrene usually contains 4- (fe^^butyl) cate- 
chol U) inhibit spontaneous .polymerization. 

Styrene is a skin irritant. Prolonged breathing of 
air containing more than 400 parts per million of 
stvrene vapor may be injurious to health. See Ben- 
/i;nk; Friedel-Crafts reaction; Polymeriza- 
tion: Polystyrene resin; Rubber. [c.k.b.] 

Hibliography: R. H. Boundy and R. F. Boyer, 
(pds. I, Styrene, its Polymers, Copolymers and De- 
fiirttives, 19S2. 


Subgiant star 

\ member of the family of stars intermediate Le- 
iwcen giants and the main sequence in the Hertz- 
sprung- Russell (H-R) diagram (sec Star). The 
mean luminosity of a subgiant is about 10 times 
ihe Sun; the surface temperature lies between 
lOOO and 4000°K. The masses are about 1.4 times 
that of the Sun. The subgiants often violate the 
mas^■luminosity relation; that is, f HerculLs A. a 
0 subgiant. is 4 times as bright as its mass would 
predict. 

The siihgiants are of particular importance in 
(iirreiit theories of stellar evolution. If a main-se- 
(piencp star has exhausted about 12% of its mass 
of hydrogen, the star begins to evolve, expanding, 
I'ooling at the surface, and brightening. Old stars 
population II, of masses about 1.35 times the 
Sim, are now evolving into the subgiant region of 
the H-R diagram. The age of the oldest known 
'‘tellar systems can be determined from the lumi- 
nosities of the sub-giants to be between 5.000,000,- 
000 and 9,000,000,000 years. A different type of 
'^ubgiant occurs also in close binary systems of the 
younger population I. See Stellar evolution. 

[j.L.CR.] 


Subgraywacke 

argillaceous sandstone with a composition in- 
t<*rmediate between graywacke and orlhoquartzite 
I low-rank graywacke of P. D. Krynine, lithic sand- 
^'tones of F. J. Pettijohn). A clay matrix is usually 
Pf^sent but in amounts less than 15%. Unstable 
Jiineral and rock fragments arc less than 25%. 
I^recise definitions of the boundaries of this group 
among sedimentary petrologists, but there is 
general agreement that these rocks contain mpdftr- 
to large amounts of rock fragments^ some clay 
”'^*'**» and at least a small amount of feldspar. 

The rock fragments in subgraywackes may be 
nminated by chert and other sedimentary species 
Anther than metamorphic or igneous rocks.. The 
spaces are filled with a combination of clay 


matrix and mineral cement, usually quartz and car- 
bonate. The clay matrix is mainly muscovite (il- 
lite) with smaller amounts of kaolinite and, in 
some few cases, biotite and chlorite. 

Subgraywackes are better sorted than the gray- 
wackes, partly because of the smaller amount of 
clay matrix and partly because the detrital sand- 
size fraction is well sorted. Detrital grains vary in 
roundness but tend to be rounded, in contrast to the 
angular grains of graywackes and the well-rounded 
grains of orthoquartzites. Sedimentary structures 
are similar to those of the orthoquartzites but some- 
times primary current lineation and groove and 
flute casts are found. 

Subgraywackes are probably the moat abundant 
sandstone type, and are found in deposits of all 
ages. They occur in moderately thick stratigraphic 
sections and are of wide lateral extent. They may 
be found both in geosynclinal and platform areas. 
The subgraywackes are found in association with 
micaceous and carbonaceous shales, thin biogenic 
limestones, and coal beds. They seem to be char- 
acteristic of coastal plain and deltaic sedimentation 
and may be of mixed marine and nonmarine origin. 
The source material, as is evidenced by the pres- 
ence of some unstable minerals and sedimentary 
rock fragments, is a mixture of older sediments and 
perhaps some low-grade metamorphics. This im- 
plies moderate tectonic activity in the source area 
but insufficient uplift to have allowed rigorous me- 
chanical erosion to expose large areas of igneous 
and metamorphic rocks. See Arkose; Graywacke; 
Sandstone; Sedimentary rocks. [r-s.] 

Sublimation 

The process by which solids are transformed di- 
rectly to the vapor state without passing through 
the liquid phase. Sublimation is of considerable 
importance in the purification of certain sub- 
stances such as iodine, naphthalene, and sulfur. 

Vapor pressure. All pure substances, whether 
solid or liquid, can exist in equilibrium with their 
vapor states, and the equilibrium pressure of the 
saturated vapor is called the vapor pressure of the 
solid or liquid at the temperature in question {see 
Vapor pressure). The area in the diagram to the 
right of the line AOC comprises the infinite num- 
ber pf pressure-temperature conditions for which a 
substance exists solely in the vapor state. The area 
to the left of the line AOB represents the field of 
stability of the solid, in which the liquid or vapor 
cannot coexist with the solid. Similarly, the area 
between the lines OB and OC is the field in which 
only the liquid phase is stable. The lines define the 
pressure- temperature conditions for the stable co- 
existence 6f pairs of phases. Thus, along the line 
OA, the solid and its vapor are in equilibrium, gnd 
the vapor pressure of the solid' corresponding, to 
any temperature along the line is unique. The sin- 
gle intersection of the three vapor pressure curves 
at 0 is called the triple point, and represents $the 
only pressure and tempersture at which the s^lid, 
liquid, and viapor qan coexik in equilibrium uiKder 
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Vapor-pressure-temperature diagram for a pure sub- 
stance. 


observed only if the vapor is confined in t vessel 
For a relatively few substances, the tripfe 
lies above 1 atm pressure, and the vapor pressure 
of the solid attains atmospheric pressure be^e the 
liquid phase appears. Thus, dry ice (solid carbon 
dioxide) cannot be transformed to liquid CO 2 at 
atmospheric pressure. Instead, the solid sublime^ 
to gaseous CO 2 without the intervention of the Hq. 
uid state. The triple point of carbon dioxide ^ 
5.11 atm at — 56.4®C. The vapor pressure of solid 
CO 2 equals 1 atm at — 78®C, on the other hand 
Thus, the freezing point is higher than the sublj. 
mation point, and carbon dioxide does not possess 
a normal boiling point. 

Energy requirements. Both the vaporization of a 
liquid and the sublimation qf a solid require the 
absorption of heat to overedke the potential en 
ergy of the molecules in the condensed state. The 
molar latent heat of sublimation is completeh 
analogous to the molar latent heat of vaporization. 
It is equal to the heat of vaporization of the liquid 
plus the heat of fusion of the solid. Moreover, the 
Clausius-Clapeyron equation describes the varia- 
tion of the vapor pressure P of the solid with tem 
perature T in similar fashion ; 


the pressure of the vapor alone. It is termed an 
invariant point, since neither temperature nor 
pressure may be varied without the disappearance 
of one of the phases. The lines are univariant, since 
variation of either temperature or pressure inde- 
pendently does not cause the disappearance of a 
phase. A system of a pure substance in equilibrium 
between two phases is therefore said to possess one 
degree of freedom. The areas (single- phase re- 
gions) are bivariant, and po8se.ss two degrees of 
freedom, since both temperature and pressure may 
be independently varied without the disappearance 
of the phase. See Equilibrium, phase. 

Sublimation is a universal phenomenon exhibited 
by all solids at temperatures below their triple 
points. For example, it is a common experience to 
observe the disappearance of snow from the earth’s 
surface even though the temperature is below the 
freezing point and liquid water is never present. 
The rate of disappearance is low, of course, be- 
cause the vapor pressure of ice is low below its 
triple point. Sublimation is a scientifically and 
technically useful phenomenon, therefore, only 
when the vapor pressure of the solid phase is high 
enough for the rate of vaporization to be rapid. 
Necessarily, this is a relative consideration. 

Triple point. For most substances, the triple 
point occurs at a comparatively low pressure, and 
the rate of sublimation is accordingly low. For ex- 
ample, the triple point of water occurs at 0v0075^C 
and 4.56 mm pressure. For iodine, on the other 
hand, the triple point occurs at and 90.0 

mm pressure. Accordingly, its rate of sublimation 
at llO'^C would be quke high. In fact, the rate of 
sublimation is fast enough so that the iodine dis- 
api^ars by direct sublimation of the solid before 
the melting point is reached. The liquid phase is 
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where is the molar latent heat of sublimati# 
and AF is the difference in molar volume of the 
vapor and solid at the temperature T, If the vapor 
obeys the ideal eas law {PV - RT), this equation 
may be put intoAie form 

, P 2 Mh ( 1 1 

2 . 3 PVT 1 72 

which may be used to calculate the latent heal ol 
sublimation if the vapor pressure is known at tw) 
temperatures, or the vapor pressure at a seconii 
temperature if the latent heat of sublimation and 
the vapor pressure are known at one temperature. 
See Evaporation; Mass-transfer operation; 
Separation (chemical and physical). [n.h.nJ 

Submarine 

A ship that can operate both on the surface of the ; 
water and completely submerged. Throughout most 
of World War II, submarines operated primarily o® 
the surface and submerged only in the final sta^^^^ 
an attack or to evade detection. Since high surface 
speed was essentia] in this type of naval warfare- 
submarine hulls were designed for minimum aur* 
face resistance. The increasing effectiveness of 
dar and air patrok in locating and attacking 
surfaced submarines eventually forced them to te* 
main submerged for longer periods. In the 
stages of the war the snorkel — a breathing 
which permits the submarine to get air 
diesel engines without surfacing — ^was develop^ 
However, cven^ a snorkdting submarine may ^ 
detected visually, especially by aircraft, because 
is submerged only slightly and the 
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Fig. 1. A nuclear-powered attack submarine. (General 
Dynamics, Electric Boat Division) 


heaves a wake. The nuclear reactor, which does not 
require air for its fuel, made the true submarine a 
lealily. As the submarine began to operate more 
extensively beneath the sea, its hull was modified 
in successive designs to give minimum resistance 
while running submerged. These submerged-condi- 
tion improvements were made at considerable sacri- 
hceof performance on the surface. For a discussion 
of the factors which affect resistance, see Ship 

I'KOIMJLSION. 

Classification. Submarines are classified by 
liteir primary military missions. Attack submarines 
(Fig. 1 ) are fast, long-range vessels used primarily 
l(» detect and destroy merchant and naval ships. 
Armed primarily with torpedoes, they may also 
carry mines which can be laid from the torpedo 
tubes. 

Killer submarines carry more complex and sensi- 
ti\t‘ underwater sound receivers (sonar) than attack 
Mibmarines in order to fulfill their mission of de- 
lating and destroying enemy submarines. They are 
armed primarily with acoustic homing torpedoes 
and are generally smaller and slower than attack 
submarines. 

Radar picket submarines operate in exposed 
areas to give early warning of enemy aircraft and 
In direct air defense. Their long-range, sky-search- 
ing radar and radio are more elaborate than those 
of other submarines. 

fruided missile submarines launch long-range, 
airborne guided missiles from the surface; ballistic 
niis.sile submarines launch long-range ballistic mis- 
siles either from the surface or while submerged. 

Midget submarines, armed with torpedoes or ex- 
plosive charges, make sneak attacks on ships in 
enemy harbors. Because of their limited range and 
^ea-keeping ability, the midgets are either carried 
or towed by large submarines to the vicinity of 
their targets. 

Three types of submarine are designed to trans- 
port cargo or troops through enemy-controlled 
'waters. These are cargo, tanker, and troop trans- 
^rt submarines. Tanker submarines were used in 

orld War II to refuel attack submarines. With 
carrying space and speed, as com- 
P^^’od to surface ships, these three types of sub- 


marines are economical only when surface trans- 
jKirtation is impossible or unacceptably hazardous. 

Target submarines are used to train surface 
vessel crews and to develop new methods for de- 
tection and destruction of enemy submarines. 

Experimental submarines are built in limited 
numbers to test new features of hull shape, depth 
controls, or power plants for high-speed subma- 
rines. 

Equipment. Much of the equipment on the sub- 
marine, such as the electric platit, radio, sonar and 
radar equipment, and the hydraulic system, is sim- 
ilar in principle to that on the surface ship. The 
unique features of the submarine are discussed in 
the following paragraphs. 

The outer hull is the external watertight bound- 
ary of the submarine. A non watertight superstruc- 
ture provides a smooth and fair envelope to cover 
the pipes, valves, and fittings on top of the hull. 
Above the superstructure the fairwater similarly 
encloses the bridge, the periscope and mast sup- 
ports, and, if one is provided, the conning tower. 
The inner hull is a second hull within all or a part 
of the length of the outer hull. 

Pressure hull. The pressure hull, comprising all 
of the inner and part of the outer hull, is the strong 
hull that resists external sea pressure when the sub- 
marine is submerged. Closed near the ends of the 
ship by flat or semiellipsoidal bulkheads, it is made 
up of cylinders and cones stiffened by internal 
bulkheads and frames. It is usually of circular or 
neafly circular cross-sectional shape for the best 
strength-to- weight ratio. 

The pressure hull contains the ship’s machinery 
and provides living quarters for the officers and 
crew. It is divided into watertight compartments 
that are further divided by platform decks into 
spaces foi; equipment and crew facilities. The main ^ 
ballast taqks and fuel oil tanks are built into the 
area between the inner and outer hulls. These tanks 
must be kept full of liquid so their internal pres- 
sure equals the sea pressure, preventing collapse of 
the relatively weak outer hull when the submarine 
is submerged. 

Main ballast tanks. These tanks are so desig- 
nated because they carry most of the water ballast; 
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Fig. 2. Arrangement of compartments and tanks in a submarine. {General (dynamics, Electric Boat. Division) 


they have large openings, called flood holes, at 
the bottom, and vent valves at the top. The subma- 
rine is submerged by opening the vents, allowing 
air to escape and water to All the tanks through 
the flood holes. It is brought to the surface by 
closing the vents and admitting compressed air to 
the tanks to force enough water out through the 
flood holes to bring the superstructure awash. The 
blowing is completed with air from a low-pressure 
air compressor or with diesel engine exhaust gases, 
thus conserving high-pressure air. If an emergency 
occurs — for example, if the ship dives out of con- 
trol — the main ballast tanks can be blown com- 
pletely and rapidly with high-pressure air. 

Diving planes. When, in the submerged condi- 
tion, the weight and longitudinal position of the 
center of gravity are equal to those of water dis- 
placed by the submarine, the ship is said to be 
trimmed. As long as the submarine is moving it 
does not have to be perfectly trimmed; diving 
planes are used to balance moderate error^^ Diving 
planes are pairs of hydrofoils which extend from 
the sides of the ship, the bow planes at the forward 
part of the ship, the stern planes at the after end. 
On some ships the forward planes are mounted on 
the fairwater and are called fairwater planes. Each 
set is ihoutited on a horizontal stock and may be 


tilted through an angle of 25"^ in either direction 
from the horizontal to develop a vertical force on 
the planes and thus on the submarine. The 
that must be set on the diving planes to maintain 
constant depth give an indication of errors in thr 
trim which are then corrected by changing the 
amount of water in the variable ballast tanks- -the 
forward trim tank, the after trim tank, and the 
auxiliary tank. See Ship design. 

The combined capacity of the variable ballast 
tanks is such that, after the submarine has been 
brought to the desired over-all weight by permanent 
metal ballasiy gll changes in density of the sea 
water and in weight and longitudinal moments (due 
to the expenditure of fuel and other supplies) can 
be compensated for by varying the amount of water 
in these tanks. All variable ballast tanks are lo* 
cated within the pressure hull. They have no dired 
connections to the sea, all pumping and flooding 
being done through a piping system known as the 
trimming line. 

The safety tank, located within the pressure hull 
on its inboard side, is normally used as a main bah 
last tank. With its flood and vent valves closedi 
may be used as a variable ballast tank under ^ 
abnormal condition, for example, operation ^ 
fresh water. The negative tank^ also inmde 









pressure hull is normally empty when the subma< 
fine is submerged. It may be flooded rapidly to give 
negative buoyancy for quick dives or to prevent the 
submarine from surfacing if depth control is lost. 

Some main ballast tanks may be used to carry 
fuel oil. They are then called fuel ballast tanks 
and bave connections to the fuel oil system and 
valves to close their flood holes. 

Periscopes. A periscope is an optical instrument 
in a tube 30-40 ft long with prisms and watertight 
windows at the upper and lower ends (see Peri- 
scopk). The main tube passes through a stuffing 
box at the top of the hull and may be housed within 
the fairwater or raised until the top of the tube is 
about 20 ft above the highest fixed part of the ship. 
Periscope depth is the greatest depth of the subma- 
rine at which the upper window of a fully raised 
periscope extends above the surface of the water. 
The upper prism may be tilted to permit use of the 
periscope while the submarine is rolling or pitch- 
ing, or to observe aircraft. Auxiliary lenses within 
the tube may be moved in or out of the line of sight 
to make the magnification either 1.5 or 6. A telem- 
dei scale in the field of view assists in estimating 
range, and an azimuth circle furnishes a scale for 
measuring bearings. In a normal periscope, the 
e\epiece lowers with the tulie when it is housed, 
and the periscope can thus be used only when ex- 
lemlcd to nearly its full height. A more elaborate 
In pc lias its eyepiece fixed in position and can be 
Used throughout the travel. One type of periscope, 
known as an attack periscope, has the upper end of 
Its lube tapered to a diameter of 1% in. or less to 
rodiicc the danger of detection. Another type, in- 
ti nded for use at night, has an especially large up- 
pet window. 

I'oipedo firing:. On all submarines the torpedoes 
aic loaded into the torpedo tubes from the interior 
of the ship through breech doors. After a tube is 
loiidcd and the breech door closed, a muzzle door is 
opened and the torpedo fired by admitting com- 
prc'.sed air to the tube behind the torpedo. The 
hrmh and muzzle doors are interlocked so that 
neither can be opened unless the other is closed. 
Another interlock prevents firing unless the muzzle 
door is fully open. 

system. Every submarine has an escape 
"vstem which allows the crew to leave the ship if it 
becomes disabled and cannot return to the surface. 
The forward and after compartmtents are refuge 
lompartrnents, stocked with emergency food and 
'^ater supplies, oxygen, carbon dioxide absorbent, 
and inflatable life jackets. Each refuge compart- 
j^ent of large submarines usually has an escape 
with an upper hatch set into the side of the 
^k and a lower access hatch leading from the 
compartment. The flooding of the lock and 
opening of the upper hatch permits the crew 
in small groups. An air bubble remains 
*^**k in the space above the upper hatch. 

Iter a group has departed, the outer hatch may be 
from within the submarine and the lock 
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drained and used again. On smaller submarines a 
single hatch, with a skirt extending down into the 
hull, is provided in each refuge compartment. Es- 
cape in this case is accomplished by flooding the 
entire compartment and opening the hatch. The 
skirt below the hatch traps an air bubble in the top 
of the compartment so that each man has air while 
awaiting his turn to go through the hatch. With 
either method of egress, after the hatch is open 
each man in turn inflates his life jacket, takes 
several deep breaths, and goes through the hatch, 
continuing to exhale as the air in his lungs expands 
during the rapid ascent to the surface. This is 
called the buoyant ascent method. 

Rescue chamber. If the submarine is unable to 
surface and weather conditions are favorable for 
rescue, a messenger buoy located at either end of 
the submarine can be released. The buoy carries 
one end of a downhaul cable to the surface, the 
other end being attached to the top hatch of the 
refuge compartment. Surrounding this hatch is a 
seat on which a rescue chamber will fit with a 
watertight joint. Rescue chambers are carried by 



Fig. 3. Submarine raKue system. (Generof Dynamla, 
ffedric Boot DMtion) 
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submarine rescue vessels which, in peacetime, are 
stationed near submarine-operating areas. 

The rescue chamber is a pressureproof cylinder 
with hatches in the top and bottom and a skirt ex- 
tending about 3 ft below the lower hatch. It is 
ballasted to have a small amount of positive 
buoyancy and is hauled down to the submarine 
hatch by winding the downhaul cable on a winch 
inside the skirt. When the rescue chamber reaches 
the seat, the water is blown out of the skirt, a small 
tank is flooded to give the chamber negative buoy- 
ancy, and the pressure inside the skirt is equalized 
with the atmospheric pressure of the chamber. Sea 
pressure then seals the chamber to the seat and the 
submarine may be entered through the skirt and the 
submarine hatch. The submarine rescue vessel 
supplies power, light, communication, and com- 
pressed air to the rescue chamber through various 
cables and keeps a wire rope safety line attached 
to the chamber at all times. The chamber is manned 
by a crew of two and has room for nine others. 
After the chamber receives its passengers, an equal 
weight of ballast is discharged, the submarine 
hatch and the lower hatch of the chamber are 
closed, the small tank is blown to restore positive 
buoyancy, the skirt is flooded and equalized with 
sea pressure, and the rescue chamber returns to the 
surface by paying out the downhaul cable from its 
winch. Rescue is less dangerous than escape, espe- 
cially in deep water, and is used when the equip- 


ment is available and weather conditmns p(4iniL 
Propulsion. Most submarines in service foduy 
have two propellers, and use diesel enginci 
propulsion on the surface or at snorkel depth, and 
storage battery electric drive for underwater pro. 
pulsion. With the ship submerged, each propdle, 
shaft is turned through an engaged clutch by 
dc electric motors in a single housing which receive 
power from two lead-acid storage batteries. In slo\r 
speed operations, the batteries are connected in 
parallel and the motors in series; for moderate 
speed both the batteries and the motors are con> 
nected in parallel ; and for high speed the batteries 
are in series and the motors are in parallel. Speed 
variations within any of these combinations are 
made by varying the field strength of the motors. 
Under normal conditions, a dibsel-electric subma- 
rine can remain completely submerged only as long 
as battery power is available. At slow speed, when 
the rate of battery discharge is low, this may be as 
much us three days, but at high speed the battery 
may be discharged in a few hours. 

On some submarines the propellers may he 
driven by connecting the engines to the motors by 
mechanical clutches. The motors then either rotale 
idly or may be energized to supply a small charging 
current to keep the batteries fully charged (calh'd 
“floating” the battery) while the submarine is in 
transit. Batteries are normally charged by disron-^l 
necting one of the propellers and energizing it> 
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Fig. 4. Submarine power plants, (a) Nuclear propul- 
sion. (b) Diesel-electric propulsion. {OwBral Dynamics, 
Shefric ftoof Division) 



motors as generators driyen by the engine. The 
other propdler, driven by its engine, is normaUy 
uocd for propulsion at this time. 

On submarines vdth more engines than propeller 
shafts, some or all of the engines are connected 
only to generators. • Any generator may be con- 
nected to the motors for propulsion or to the bat- 
teries for charging. 

Snorkeling. The snorkel is a hollow mast or tube 
which may be extended above the fairwater to bring 
it above the surface of the water when the subma- 
rine is at periscope depth. It. provides air for com- 
bustion of fuel in the diesel engines. At the top of 
the snorkel mast is a head valve, which shuts auto- 
matically when water rises above the air inlet and 
reopens when the water recedes. While the head 
valve is shut, air for the engines is drawn from the 
interior of the submarine. Snorkel safety devices 
stop the engines and close the exhaust valves if the 
pressure in the submarine falls below 12 pounds 
per square inch absolute. The engines exhaust 
through a pipe that terminates a few feet below the 
top of the snorkel mast. 

Nuclear propulsion. While the nuclear-powered 
submarine’s steam propulsion machinery is gener- 
ally similar to that of a surface ship, the necessity 
for operating this machinery at the high sea pres- 
sures of deep submergence requires special design 
for some components. An additional difference is 
that large air-conditioning units are needed to re- 
move waste heat and vapor from the machinery 
spaces, since access to the atmosphere is not avail- 
able for their removal in the conventional manner, 
by ventilation. Nuclear submarines are propelled 
by steam turbines that are connected through re- 
duction gears to the propeller shafts. An electric 
motor is also connected to each shaft for slow 
speed propulsion. Each motor receives power from 
a storage battery, a turbogenerator, or a diesel- 
powered generator. The steam turbine and the re- 
duction gear are disconnected from the propeller 
shafts when the motors are in use. 

Steam for the main and auxiliary turbines is sup- 
plied from the reactor compartment, which may 
contain one or more reactors. Water, pressurized to 
keep it from boiling, is pumped through the reactor 
and two closed loops, each containing a heat ex- 
changer to which the water gives up the heat it ob- 
tained from the reactor. This water is radioactive 
and is called the coolant; its system is called the 
primary coolant system. Each heat exchanger, act- 
as a boiler, generates on its secondary side 
saturated steam which passes through a steam 
^^2? * water separator to the main steam line. 

. jbc water in the steam system is completely 
isolated from the primary coolant to prevent the 
^ansfer of radioactive matter. The reactor room 
®ay not be entered while the reactor is in opera- 
on. It is shielded to prevent the escape of hannf ul 
J|saiation so that the crew has complete freedom of 
ovement throughout the rest of the submarine. 

^'wiclor is shut down, the reactor room 
I entered when radioactivity has decteased 
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to a tolerable level. See REACton, ship propulsion ; 
see also Antisubmarine warfare; Marine ma« 
chinery; Ship, naval. [a.i.m.] 

Bibliography: R. Blackman (ed.), Janets Fight- 
ing Ships, annual. 

Submarine canyon 

The sea floor has many puzzling features, but none 
which have aroused so much controversy as have 
the great submarine canyons, cut into the conti- 
nental slopes off most coasts of the world. Many of 
these have rocky walls thousands of feet high. They 
have narrow inner gorges, winding courses, numer- 
ous tributaries and are, in fact, quite comparable 
to the great canyons of the land (see illustration). 
Some of the canyons are direct continuations of 
land canyons, and others occur off large rivers 
which flow through broad flat-floored valleys on 
land. The submarine canyons extend outward down 
the slope virtually to the deep ocean floor. The 
outer portions of these sea valleys are of modest 
dimensions and extend across broad, gently sloping 
fans, comparable to the piedmont fans along the 
fronts of mountain ranges in arid regions. See 
Continental shelf and slope. 

The deep floors of the canyons contain sediments 
alternating between sands, which resemble shallow 
water deposits, and normal deep-sea mud deposits. 
It seems probable that landslides, occurring at the 
canyon heads, stir sediment into the water and 
produce a heavy suspension which sets up a cur- 
rent, called a turbidity current. This moves along 
the canyon floors, leaving behind the sand deposits 
when the current loses velocity. These slides occur 
at rather frequent intervals, changing the depths 
and often breaking cables laid across the canyons. 
Thus cable companies avoid laying cables across 
submarine canyons where possible. 

The cause of submarine canyons is much dis- 
puted. Their close resemblance to river-cut canyons 
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on land has convinced many geologists that they 
are due to river cutting followed by submergence 
of the valleys. The widespread distribution of 
submarine canyons has caused other geologists to 
object to this idea. Turbidity currents have been 
cited as an alternative cause. An unknown factor is 
the speed of turbidity currents, which may at times 
be very great although the evidence is not clear. If 
the canyons are caused by turbidity currents, it is 
difficult to understand why they should so closely 
resemble river-cut canyons. Furthermore, the ex- 
istence of submarine canyons with hard rock walls, 
such as granite, has caused much dissatisfaction 
with the turbidity current hypothesis. Most geolo- 
gists now agree that, however formed, submarine 
sliding of material and turbidity currents at least 
prevent the filling of the canyons of the sea floor. 
See Turbidity current; see also Submarine to- 
pography. 

Submarine topography 

Over 70 per cent of the earth’s surface is covered 
by marine waters. Of the oceanic area (361 X 10® 
km'-*) approximately 300 X 10® km'-* is contributed 
by the deep-sea floor; the remaining 60 X 10® km- 
represents the submerged margins of the conti- 
nents. The distribution of elevations on the earth 
is shown in Fig. 1. 

. Soundings. Soundings are measurements of 
ocean depth made from ships. Early soundings 
were made with a lead attached to a hemp line; 
about 1875, the hemp line was replaced by piano 
wire. Since about the middle of the 1920s, virtu- 
ally all deep-sea soundings have been made by echo 
sounding. The echo-sounding machine sends out a 
sound pulse (10-20 kc) and then times the interval 
from the sound pulse to the returning echo. The 
early sounders required manual operation, but 
since about 1935 automatic recording sounders, 
which plot a graph of depth versus time or dis- 
tance, have been used almost exclusively. Since 
1953 precision, high-resolution echo sounders have 
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Fig. 1. Hyptogrophk curve showing area of earth's 
solid surface above any given level of elevation or 
depth. Curve at the right shows frequency distribution 
of elevotionf and depths for 24cin Interv^. 


been ueed in increasing numbers. See ^cho 

SOUNDER. 

Sounding corrections. Wire and hempj 
soundings require a correction for wire angle, for 
stretch of the wire, and for calibration of the me. 
tering counters used. Echo soundings require a 
correction for sound velocity, since the average 
vertical velocity is not constant, and for slope of 
the bottom, as the point from which the first echo 
returns is not always directly beneath the ship. In 
addition, corrections for inaccuracies of timing 
and mechanical imperfections must be made for 
most sounders. The position of the sounding lines 
is generally determined by standard astronomical 
fixes and dead reckoning. Errors of a few miles are 
the rule in deep-sea sounding surveys. See Celes- 
TiAL navigation; Dead reck^Iining; Underwater 

SOUND. 

PHYSIOGRAPHIC PROVINCES 

The relief of the earth lies at two dominant lev- 
els (Fig. 1) ; one, within a few hundred meters of 
sea level, represents the normal surface of the con- 
tinental blocks; the other, between 4000 and 5000 
meters below sea level, and comprising over 50^' 
of the earth’s surface, represents the ocean-basin 
floor. The topographic provinces beneath the sea 
can be included under three major morphologir 
divisions: continental margin; ocean-basin floor^ 
and mid-oceanic ridge. These are indicated on a 
typical transoceanic profile taken from the North 
Atlantic in Fig. 2. Each of these major divisions 
can be further dj^ided into categories of provinces 
and those into individual physiographic provinces 
(Fig. 3). 

Continental margins. The continental margin in- 
cludes those provinces associated with the transi- 
tion from continent to ocean floor. The continental 
margin in the Atlantic and Indian Oceans is gener- 
ally composed of continental shelf, continental 
slope, and continental rise. A typical profile off 
northeastern United States is shown in Fig. 4. Gra- 
dients on the continental shelf average 1:1000. 
while on the continental slope gradients range 
from 1 :40' to 1 :6, and occasionally local slopes 
approach the vertical. The continental rise lies at 
the base of the continental slope. Continental rise 
gradients average 1 :300, but individual slope seg- 
ments may be as low as 1:700, or as steep as 1:S0- 
The continental slopes are cut by many submarine 
canyons. Some of the larger canyons such as the 
Hudson extend across the continental rise (Fig* 4)- 
Submarine alluvial fans extend out from the sea* 
ward ends of the larger canyons. See Continent; 
Continental shelf and slope; Submarine can- 
yon. 

The continental margin can be divided into 
categories of provinces. Category I includes the 
continental shelf, marginal plateaus, and 
epicontinental seas, all slightly submerged por- 
tions of the continental blocks jQi|i p> ry II 
the continental slope, margiaa1^^ui>iD«<rt*< 
the landward slopes of marginal trenclm*« ^ ^ 







Fig. 2. Major morphologic divisions of North Atlantic Ocean. The profile is from New England to Sahara. 
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the outer edpe of the continental 
block. Cfftegory III includies the continental rise, 
the ridlge4>aain complex, and the ridge-trench com* 
plex. The cratinental slope of northeastern United 
States can be traced directly into the marginal es* 
carpment (Blake Escarpment) off southeastern 
United States (Fig. 5), and the landward slope of 
the Antflies marginal trench (Puerto Rico). The 
continental rise off New England can be traced into 
the Antilles Outer Ridge. Seismic-refraction stud- 
ies show that a trench filled with sediments and 
sedimentary rocks lies at the base of the conti- 
nental slope off New England. Thus the main 
difference in morphology between the trenchless 
continental margins and those with a marginal 
trench is that in the former the trench has been 
filled with sediments. 

In the continental margins of the Atlantic, In- 
dian, Arctic, and Antarctic Oceans and the Medi- 
terranean Sea, the continental rise generally rep- 
resents the category III provinces. The Pacific, 
however, is bounded by an almost continuous line 
of marginal trenches. The high seismicity, vulcan- 
ism, and youthful relief of the Pacific borders sug- 
gest a very recent origin. In contrast, the nonseis- 
mic, nonvolcanic character, as well as the lower 
relief, of the Indo-Atlantic margins suggests a 
greater age. Thus on the old, stable, continental 
margins the deposition of sediment derived from 
the land has filled the marginal trench and pro- 
duced the continental rise. The local relative relief 
on the continental margin rarely exceeds 20 fath- 
oms, with the major exception of submarine can- 
yons and occasional seamounts. See Tectono- 

PHYSICS. 

Submerged benches. Submerged marine beach 
terraces have been identified throughout the world. 
Since the beaches seem to correlate well between 
areas of vastly different tectonic development, it 
has been concluded that those listed in the accom- 
panying table represent submerged Late Pleisto- 
cene beaches. See Coastal landforms. 

Structural benches. Structural benches, the top- 
ographic expression of outcropping beds, have 
been identified on the continental slope. Near Cape 
Hatteras, Virginia, the structural benches have 


been dated by extrapolating data obtained 
era! test borings near the coastline 
Benches on Greorges Bank have been datied^ 
bottom samples obtained by dredging. ThrpuA^ 
action of slumps, bottom currents, and tur^j^ 
currents, sediments are continually removed ^roQ 
the continental slope. Thus, there is no co?^ 
recent sediments to obscure the outcrops of t|)^ 
cient formations. See Turbidity current. 

Ocean basin floor. Excluding the margina 
trenches and mid-oceanic ridges, the deepest 
tions of the ocean are included in this division 
Approximately one-third of the Atlantic and three 
fourths of the Pacific fall under this heading. Th 
ocean-basin floor can be divided into three cate 
gories of provinces: the abyssal floor; oceanic 
rises; and seamounts and seamount groups. 

Abyssal floor. The abyssal floor includes thi 
broad, deep areas of the central portion of tht 
ocean. In the Atlantic, Indian, and northeast Pa 
cific Oceans, abyssal plains occupy a large part oj 
the abyssal floor. An abyssal plfiin is a smooth por 
tion of the deep-sea floor where'^the gradient of th 
bottom does not exceed 1 : 1000. Abyssal plains ad 
join all continental rises and can be distinguished 
from the continental rise by a distinct change in 
bottom gradient. At their seaward edge, most oj 
the abyssal plains gradually give way to abyssal 
hills. Individual abyssal hills are 50-200 fathoms 
high and 2-6 miles wide. In the Atlantic, the abys- 
sal hill provinces only locally exceed 50 miles in 
width. Abyssal plains in the same area range from 
100-200 miles in width. Core samples of sediment 
obtained from the Atlantic abyssal plain invariably 
contain beds of sand, silt, and gray clay interca- 
lated in the red or gray pelagic clay which is gen- 
erally characteristic of the deep-oceanic environ- 
ment. These deep-sea sands were transported 
turbidity curren|(f from the continental margin. 
Some of the currents probably descended along a 
broad front, while others certainly followed the 
submarine, canyons and spread out fanwisc from 
their submarine alluvial cones. See Marine sedi- 
ments. 

The abyssal hills are thought to represent tec- 
tonic or volcanic relief of a type identical with that 
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Fig. 4. Continental margin provinces: type profile off Northeastern United States. 


buried beneath the abyssal plains. Abyssal plains 
; also found in the marginal trenches, marginal 
basins, and in epicontinental marginal seas. Fea- 
i tures of exactly the same morphology and origin 
I are found in some lakes. Of similar origin are 
I arrhipelagic aprons, which spread out from the 
base of oceanic islands. See Oceanic islands. 

Oceanic rises. Oceanic rises are areas slightly 
I elevated above the abyssal floor which do not be- 
long to the continental margin or the mid-oceanic 
ridges. In the North Atlantic, the Bermuda Rise is 
the best-known example (Fig. 7). In contrast to 
I the mid-oceanic ridges, oceanic rises are nonseis- 
mic; their relief is more subdued and they are 
asymmetrical in cross section. The western and 
central Bermuda rise is characterized by gentle, 
; rolling relief. The average depth gradually de- 
creases towards the east. In the eastern third, the 
ri«e is cut by a series of scarps, 500-1000 fathoms 
in height, from which the sea floor drops to the 
level of the abyssal plain on the east. The series of 
I eastward-facing scarps suggest block faulting. Sit- 
: ciaied approximately in the center of the Bermuda 
RihC is the volcanic pedestal of Bermuda. A small 
archipelagic apron surrounds the pedestal. The 
turbidity-current origin of the smooth apron is sup- 
'oried by cores containing shallow-water carbon- 

I atc clastic sediments in depths of 2300 fathoms. In 
the Pacific, extending for over 3000 miles west of 
Upe Mendocino, California, is an asymmetrical 


rise with a southward-facing scarp, which has been 
named the Mendocino Fracture Zone. The Bermuda 
Rise is le.ss than one- fourth as long as the Mendo- 
cino Rise, but otherwise the relief of both features 
is quite similar. Although the circum-Pacific seis- 
mic belt crosses its trend, the Mendocino Escarp- 
ment is nonseismic. Other nonseismic fracture 
zones, which probably can be classified as oceanic 
rises, have been reported from the eastern Pacific. 
The Rio Grande Rise of the South Atlantic and the 
Mascarene Ridge of the Indian Ocean are similar 
in form. 

Seamounts and seamount groups. A seamount is 
any submerged peak over 500 fathoms high. This 
discussion, however, is limited to the larger, more 
or less conical peaks over 1000 fathoms in height. 
Seamounts are distributed through all the physio- 
graphic provinces of the oceans. Seamounts some- 
times occur randomly scattered, but more often lie 
in linear rows. It seems safe to conclude that virtu- 
ally all conical seamounts are extinct or active 
volcanoes. The Kelvin seamount group, a line of 
seamounts 800 miles long, stretches out from the 
vicinity of the Gulf of Maine toward the Mid-At- 
lantic Ridge. The Atlantis -Great Meteor seamount 
group extends for 400 miles along a north-south 
line, south of the Azores. In the southwest Pacific, 
many lines of islands and seamounts crisscross the 
ocean. In the mid-Pacific, southwest of Hawaii, is 
a large area of seamounts whose flat summits range 





nautical milei 

Fig. 6. Correlation of structural benches on the conti- 
nental slope. Cope Hatteras to Cape May. Soundings 
by U.S. Coast and Geodetic Survey. 


from 50-350 fathoms beneath sea level. These 
tablemounts have been termed guyots. From the 
flat summits, shallow-water fossils of Cretaceous 
age have been dredged. Such sunken islands are not 
limited to the Pacific. Several of the Kelvin sea- 
mounts are flat-topped at 650 fathoms, and the 
seamounts of the Atlantis (^rcat Meteor group 
have flat summits at 150- 250 fathoms. See Sfa- 

MOUNT AND UlFYOr. 

Mid-oceanic ridge. The middle third of the At- 
lantic, Indian, and South Pacific Oceans is occu- 
pied by a broad, fractured swell known as the Mid- 
Oceanic Ridge. In the Atlantic, it is known as the 
Mid- Atlantic Ridge, in the southern Indian Ocean, 
it is the Mid-Indian Ridge, in the Arabian Sea it is 
the Carlbberg Ridge and Murra> Ridge, and in the 
South Pacific it is known as the Easter Island 
Ridge. 

The Mid-Atlantic Ridge can be divided into dis- 
tinctive physiographic provinces which tan be 
identified on most trans- Atlantic profiles (Figs. 2 
and 8). 

Crest provinces. The rift valley, rift mountains, 
and high fractured plateau which constitute this 
category foim a stiip 50-200 miles wide. The rift 
valley is bounded by the inward-facing scarps of 
the rift mountains. The floor of the rift valley lies 
500 1500 fathoms below the adjacent peaks of the 
rift mountains which drop abruptly to the high 
fractured plateau, Iving at depths of 1600-1800 
fathoms on either side of the rift mountains. The 
topography of the crest provinces is the most 
nigged submarine relief. An earthquake belt accu- 
rately follows the lift valley through a distance of 
over 40,000 miles. Heat-flow measurements in the 
crest provinces give values several times greater 
than have been obtained in normal ocean or conti- 
nental areas. A large positive magnetic anomaly 
and a moderate (—20 milligals) negative gravity 
anomaly are associated with the rift valley. Seis- 
mic-refraction measurements indicate a crust in- 
termediate in composition between the odeanic 


crust and the mantle. The crest provinces of the 
Mid-Oceanic Ridge can be traced directly into 
rift valleys, rift mountains, and^^high plateaus of 
Africa. These features of African geology arp 
clearly the result of extensional forces in the 
earth’s crust. The Mid-Oceanic Ridge is probabl\ 
similar in all essential characteristics, including 
origin, to the African rift valley complex. See Rin 

VAILFY. 

Flank provinces. The flank provinces of the Mid 
Oceanic Ridge can be divided into several siep^or 
ramps, each bounded by scarps somewhat larger 
than those which characterize the entire area 

Parts of the flank provinces, particularly the I p 
per Step south of the Azores, aie characterized b\ 
smooth-floored intermontane valleys. Photogiaph^ 
cores, and dredging indicate that the crest of the 
Mid-Atlantic Ridge north of the Azores is being 
denuded of its segments. As these sediments are 
eroded from the crest provinces and deposited on 
either side, they are gradually filling the intermon 
tane basins and smoothing the relief of the flank'* 

[b.c h 

UNDERLYING STRUCTURE 

Because approximately 70 per cent of the surface 
of the earth is covered by the oceans, the typuJ 
structure of the earth is found in the oceanic and 
not in the land areas. Statistical examination 
that most of the earth’s solid surface is either at 
the elevation of the ocean floors or at the elevation 
of the continents (Fig. 1). The anomalous area'' 
those of extreme or of intermediate elevation, are 
long, narrow features — the mountain ranges, island 
arcs, deep-sea trenches, and continental margin^ 

To have a rough model of a section through the 
earth, one draws a circle about 5 in. in diametef 
and a concentric one of about half that diameter 
Inside the smaller circle is the core, of very dens« 
material, possibly metallic. The part between the 
circles is the mantle, a crystalline, basic rock wito 
density about 3.3 g/cm'*. The line forming the 
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Pig 7 Precision-depth-recorder profile between Mid- 
Atlantic Ridge and New York, showing abyssal plains, 
Bermuda Rise, and the continental margin. 

(irde if made with an average pencil point, will in- 
1 hide all of the crust of the earth. The crust has a 
dt^nsiiv of about 2.7. The oceanic crust is about 6 
km thick compared to about 36 km for the conti- 
nents The boundary between the crust and the 
iiunilc is called the M discontinuity (Mohorovicic 
(li^iimtiniiitv) by seismologists. 

Unlike the continental areas, the ocean floors 
rannol be studied directly; hence most of the in- 
formcitnm about the structure of the earth beneath 
the means mines from g(-ophysicdl measurement*®. 
hiri(i|mll\ employed are earthejuake seismology, 
t*\|)losion srismologv, and measurements of the 
\dnalinn®« in the eaith’s gravitational and magnetic 
fields Spismologv is the study of the propagation 
(if smind or edastic waves in the earth. By measiir- 
in** the spi ed of sound waves traveling in the vari- 
(iiis la\(Ts celt din physical propeities such as den- 
slr^ and elastu con«5tants can be estimated. These 
iridh aU the Ivpe of rock constituting each layer. 
Mu lidvel time of sound waves reflected or re- 
liaded Ijn a particular layer provides a measure of 
tin depth to the layer. Giavity measurements show 
Jnisiiv vaiiations and are used with seismic evi- 
deme to indicate compositional changes or struc’- 
tiiral leatiiies sui h as folds and faults. Magnetic 
mpasiirements give some evidence about the min- 
pidl roiistitnlion of rocks and are particularly use- 
ful for structural mapping where volcanic and 


intrusive igneous rocks are present. The structure 
sections shown in Figs, 9, 10, and 11 are based on 
information obtained by these techniques. 

Figure 9 is a typical stiucture section from con- 
tinent to ocean. This shows the relative thickness 
of the eailh’s crust (that portion above the M dis- 
continuitv ) in the different areas. On the continent 
and continental shelf the locks beneath the sedi- 
mentary layers are granitic or granodiorilic. Be- 
neath is an intermediate layer believed to be 
gabbioic or basaltic. The mantle is probably peri- 
dotife, a rock principally composed of olivine. This 
is I he most prominent layer in the earth, extending 
from n«*ar the surface approximately halfway to 
the center. There are some variations in the upper 
parts of the mantle between continental and oce- 
anic aieas, but the most apparent difference is in 
the thickness and composition of the crust. The 
( ontinental crust is six or seven times thicker than 
the oceanic crust and contains almost all of the 
acidic rocks, such as granites, whereas the oce- 
anic crust is almost entirely composed of basic 
rock. 

Ocean basins. The average depth of the ocean 
basins is about 4.8 km. The topography of the ocean 
floor is rough in the majority of the explored parts, 
although there are broad areas, particularly in the 
Atlantic, where the bottom is almost completely 
flat. These abyssal plains are thought to have been 
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Fig. 9. Structure section from continent to ocean. 
Vertical exaggeration XI 0. 

formed by turbidity current deposition where sedi- 
ments, set in motion during underwater landslides 
and thrown into suspension in the water, flow to 
the deepest parts of the basins. The average thick- 
ness of sediments varies from tens of meters on the 
elevations to thousands in the deeper parts. The 
average is about 1 km. 

The layer immediately below the sediments 
(see Fig. 9) is difficult to identify. Only its seismic 
velocity is known, and that varies between 4 and 
6 km/sec. This range of velocities encompasses 
those appropriate to compacted or metamorphosed 
sediments, volcanic rocks, or continental granitic 
rocks. The layer could be composed of any or all 
of these materials, or it might be thought of as 
scum on the top of the underlying main crustal 
layer. 

The principal layer of the oceanic crust, shown 
by check symbols in the structuie sections, has 
been found by all of the numerous seismic-refrac- 
tion measurements made in the Atlantic, Pacific, 
and Indian Oceans. The velocity of sound in this 
layer is consistently near 6.6 km/sec and the thick- 
ness is about 5 km. Variations from these averages 
arc sometimes found in the neighborhood of anom- 
alous areas such as seamounts, trenches, or conti- 
nental margins. A widely held belief is that this 
layer is the primordial outer surface of the earth. 
Whether or not it continues under the continents 
is under dispute. There is much evidence that the 
velocity in the lower part of the continental crust 
is intermediate between that in the upper part and 
that in the mantle. The intermediate material may 


represent the continuation of the main Oceania 
crustal layer. In view of its seismic velocity an4 
the fact that rocks brought up in oceanic volcanoes 
are predominantly olivine basalts, the main crqn^ 
layer is commonly called the basalt layer. A stadv 
is presently being made, under the auspices of the 
National Science Foundation, of the feasibility of 
drilling a hole to the mantle in some oceanic area 
If successful, this will provide positive identilica. 
tion of all layers. 

Continental shelves. These are the submerged 
borders of the continents. The water depth is on 
the order of a few hundred meters, and the width 
of the shelf varies from a few miles in some places 
to a few hundred miles in others. The thickness of 
the crust is intermediate between that of conti 
nents and oceans, and its composition is continen 
tal. In some places, such as parts of the east roast 
of North America and South America, the conti 
nental shelf and continental slope are broad areas 
where erosion of the continental masses has re 
suited in the deposition of man^ thousands of me 
ters of sediment during the past several million 
years. In other areas, notahly the west coast of the 
Americas, there is only a narrow continental shelf 
which does not receive much sediment. 

Submarine ranges and seamounts. These topo 
graphic features, of which the Mid-Atlantic Ridge 
and Bermuda are good examples, are lJns^rpas^e(i 
in prominence anywhere on earth. The ridges and 
isolated peaks are similar structurally. The lops 
and flanks are basaltic volcanic rock. The cores 
judging by the seismic velocity, appear to be a 
mixture of mantle and basaltic rock Figure 10 
shows a stnic ture section across the Mid-Atlantic •! 
Ridge, based on seismic-refraction and graMh 
measurements. The deep area near the center of 
the ridge is a great rift or c rack. It has been no 
ticed on many prdflles running across the ridge dnd 
is apparently a characteristic feature of the entire 
Mid-Atlantic Ridge system. The ridge is actne 
seismically, and the belt of earthquake epicenter^ 
coincides with the axial rift, indicating a conm 
lion between the earthquakes and the formation «f 
the rift. 

Deep-sea trenches. Deep-sea trenches are im 
portant structural features associated with island 
arcs. Notable examples are the Puerto Rh<> 



Fig. 10. Structure section across the Mid-Atlantic Ridge. Vertical exaggeration XI 0. 




Pig 11 Structure section across Puerto Rico and the 
Puerto Rico Trench. Vertical exaggeration XI 0. 


Trench, the Tonga Trench, the South Sandwich 
Irenrh, and the trenches of Japan and the East In- 
dies The greatest depths in the oceans are found 
in these trenches, the deepest in the Pacific being 
about 10.7 km in the Mariana Trench and in the 
japan Trench, and the deepest in the Atlantic 
about 8.4 km in the Puerto Rico Trench. Several of 
the««e trenches have been investigated, using geo- 
lihvMcal techniques, and found to be similar in 
most respects. Figure 11 is a structure section 
from the Atlantic Ocean into the Caribbean Sea 
(Fos'^ing the Puerto Rico Trench. The trench is 
formed by the depression or the sinking of the 
high-velocity crustal layer and the mantle by sev- 
eral kjlometers. In the bottom are layers of lower 
\plority, less dense materials which are probably 
sediments and volcanic debris from the nearby is- 
lands and perhaps sediments which have flowed in 
from the oc ean basin. The great depth of the dense 
layers rauses a pronounced deficiency of gravity, a 
ihaiai tenstic featuie of all deep-sea trenches. 

Several hypotheses have been advanced to ac- 
lount for the existence of island arts and the asso- 
ualcd trenches and to relate them to some mafor 
process going on in the earth. For example, there 
h eviden<e that the continents have grown during 
gpologu time, and many believe that they have 
been en< roa< hing on the oceans through a process 
in yyliuh deep-sea trenches are formed near the 
• ontinenldl margins and filled with sediments 
which are then metamorphosed, folded, and up- 
lifted to become mountain ranges. Similar reason- 
ing uuild apply to island arc trenches. Specula- 
tion about the formation of trenches has followed 
"cveral lines. For example, folding as the result of 
‘ompresbion in the crust of a shrinking earth, ten- 
sion faulting, overthruhting, and downbuckling due 
to convection cells in the earth’s interior have been 
suggested. See Earth (heat flow); Earth in- 
1 prior; Geodesy; Geomagnetism; Orogeny; 
'^fismology; Tectonic patterns; Terrestrial 
‘•Ravitation. [w.m.e.; j.i.e.] 

OCEAN BASIN FORMATION 

Tlip earth’s crust is divided into two first-order 
topographic divisions, continents and oceans, each 
^^‘prpsenting a radically different crustal thickness 
: composition. Geologists have long speculated 

concerning the permanence of this distribution and 
j c possibility of frequent interchanges between 
j sea and continent. The strong contrast be- 
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tween continental and oceanic crustal structure 
makes the assumption of frequent interchange 
seem improbable. However, paleontological evi- 
dence indicates former land connections between 
now widely separated continental masses. It has 
been suggested that long, narrow, land bridges 
were built across the oceans, which have since 
broken up and subsided into the ocean depths. See 
Devonian ; Paleontology. 

Another school of thought discounts the neces- 
sity of the supposed connections and maintains 
that each continent has been built up by a gradual 
accumulation of light crust around an original 
small nucleus. Sediments eroded from primordial 
shields are supposed to have filled marginal geo- 
synclines which were later accreted to the proto- 
continental masses which in this way grew to their 
present size. 

Some workers link the origin and distribution of 
continents and oceans to convective cells in the 
earth’s mantle. Advocates of convection can be 
generally divided into two groups, one holding that 
currents rise under the continents, the other ad- 
vocating rising currents under the ocean. The lat- 
ter group maintains that these currents sweep the 
lighter products of differentiation toward the conti- 
nents. 

Alfred Wegener proposed that the present conti- 
nents were originally part of a single mass, which 
broke up in the Cretaceous and whose parts drifted 
apart to their present positions. Recent work on 
paleomagnetism has given impressive support to 
this concept. However, students of submarine to- 
pography object to such a simple concept which 
ignores the topography of the deep-sea floor. Re- 
cently attention has turned to a theory not previ- 
ously considered seriously. This theory proposes 
that the earth’s center has expanded considerably 
during geologic time This expansion resulted in 
the displacement of the fragments of the original 
differentiated crust to form the present continents. 
The theory seems to explain the continental dis- 
placement evidence of paleomagnetism and paleo- 
climatology, and in addition provides a mechanism 
for the formation of suboceanic relief. See Paleo- 
climatology; Rock magnetism. [b.c.h.I 
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Subsonic flight 

Relative movement of a vehicle in air at a velocity 
appreciably below the velocity of sound. Subsonic 
ffi^t extends from zero (hovering) to a speed of 
approximately 85% of the local speed of sound. At 
higher speeds, simplifications applicable to sub- 
sonic flight are no longer tolerable (see Tran- 
sonic flight). The type of vehicle may range from 
a small helicopter, which operates at all times in 
the lower range of the velocity scale, to an inter- 
continental ballistic missile which is operative 
throughout this and other velocity regimes, but is 
in subsonic flight for only a few seconds. The de- 
sign of each is affected by the same principles of 
subsonic aerodynamics. Subsonic flow of a fluid 
such as air may be further subdivided into a range 
of velocities in which the flow may be considered 
incompressible (below a velocity of approximately 
300 mph) without appreciable error, and a higher 
range in which the compressible nature of the fluid 
becomes significant. In both cases the viscosity of 
the fluid is important. The theories which apply to 
incompressible, inviscid fluids may be used almost 
without modification in some low-subsonic prob- 
lems, and in other cases the results offered by these 
theories may be modified to account for the effects 
of viscosity and compressibility. See Compressiole 
flow; Viscous flow. 

A typical subsonic wing cross section (airfoil) 
has a rounded front portion (leading edge) and a 
sharp rear portion (trailing edge). See Airfoil 
PROF ill. Air approaching the leading edge comes 
to rest at some point on the leading edge, with 
flow above this point proceeding around the upper 
airfoil surface to the trailing edge, and flow below 
passing along the lower surface to the same point, 
where the flow again theoretically has zero veloc- 
ity. The two points of zero local velocity are 
known as stagnation points. If the path from front 
to rear stagnation point is longer along the upper 



lero circulotlon 


(a) (b) 

FIq. 1. Flovfs around an airfoil, (o) Without circula- 
tion. (b) With circulotlon. 


surface than that along the lower surface^ Ih^ 
velocity of flow along the upper surface 
greater than that along the lower aurface. Thia ' ^ 
accordance with the principle of conserva 
energy, the mean static pressure must be 
the upper surface than on the lower surface 
Bernoulli's theorem). This pressure 
applied to the surface area with proper rega^J]| 
force direction gives a net lifting force. (Lift is do 
fined as a force perpendicular to the directioa of 
fluid flow relative to the body, or more clearly 
perpendicular to the free-stream velocity vector.) 

Necessity for circulation. For a body moving in 
a frictionless fluid with zero circulation, the low 
attempts to align itself so that the rear stagnation 
point is equidistant from the front stagnation point 
along both upper and lower surfaces. For such a 
condition the rear stagnation point must move on 
the body as the angle of flow relative to the bodv 
changes. Thus if the body has a sharp trailing edge 
the local flow at the trailing edge must have infi 
nite velocity as it moves from ^ne surface to the 
stagnation point on the other surface (Fig. la) 
Such a condition cannot exist in reality, and so 
there must be sufficient circulation (additional lo 
cal velocity rearward along the upper surface) lo 
move the stagnation point to the trailing edge (Fig 
16). Thus the flow from upper and lower surface^ 
must of necessity smoothly meet and leave the bod> 
at the trailing edge. This requirement is known a« 
the Kutta condition, and when combined with thf 
theory relating lift and circulation, independently 
developed by W. F. Lanchester. an English engi 
neer, W. M. Kutta, a German mathematician, and 
N. Joukowski, a Russian mathematician and snen 
tisi, will predict a lift force. The Kiitta-Jouko^y<^ki 
equation is given as / = pW where / = lift fonr 
per unit of wing SMn, p = mass density of the fluid 
(mass units per imit volume), U = linear velofii' 
of fluid relative to the body, and P = fluid cirtiila 
tion (velocity limes distance). The theory wasong 
inally applred to flow normal to the axis of a c\1in 
der to explain the force produced by the rotation 
of the cylinder, or the Magnus effect. The fact that 
it predicts a reality even for spheres may be pm 
denced on any golf course or tennis court, and ii 
is the basis for the entire circulation theory of lifl 
for airfoil and wing. 

Effect of viscosity. In passing over the surfaip 
of a body, a frictionless fluid may be thought of a** 
moving in layers which may slide relative to one 
another and relative to the surface with no retard 
ing force. In moving from the front stagnation 
point to the upper surface, and hence to the tiail 
ing edge, the layers adjacent to the surface mo*** 
travel from a region of high pressure (zero or lo^ 
velocity) to a region of lower pressure (increased 
velocity), and then to a high-pressure region at ih® 
trailing edge. 

Separation, In a flow containing no viscosity, 
pressure at the rear stagnation point is exactly 
same as that at the front stagnation point. la * 
viscous fluid the layers of fluid resist any relative 




Fig 2 Flow at small Reynolds numbers, (a) Around a 
circular cylinder (b) Around an elliptic cylinder. (From 
L Prandtl and O. G Ttetfons, Applied Hydro- and 
Aeromechanics, Dover, 1 934) 

motuin between layers, or between fluid and body 
‘^iirtan* In sii< h a fluid the flow has little difficulty 
in movinf? from the leading edge to the point of 
MMMrnum velocity, although there is some reduc- 
tion in kineli( energy due to frictional contact with 
tlio surtax e. However, as the flow moves from the 
liit;h velocity, low-pressure region to the high-pres- 
siire legion at the trailing edge, and is also s»ub- 
iMted to additional frictional contact with the sur- 
fdie It eventually i caches a point on the aft surface 
dt wh](h Its kinetic energy is completely dissipated, 
and It IS drawn away fnim the surface by adjacent 
lavers of fluid. This action is known as separation, 
and lietween the separation point and the trailing 
t*dge there is no flow parallel to the surface, but 
rather a region containing irregular flow described 
d's the wake. For a sphere or cylinder, the transi- 
tion fiom low pressure at the top radius to the rear 
"lagnation pressure must take place in a relatively 
"Hiall path length, and the (adverse) pressure gra- 
dient along the surface is large (Fig. 2a). If on 
the other hand the aft portion of the body is ex- 
tended as in the usual subsonic airfoil, this pres- 
"urp gradient is made much less severe, and al- 
though the length of surface over which frictional 
<'ontact must take place is greater than in the case 
the circular body, the separation point is much 
t^eaier the trailing edge, and the portion of aft exii- 
face subjected to the wake is less (Fig. 26). 


Swbe^nk tlflit SM 

The calculation of the resistance of a body to 
forward motion throui^ a nonvisoous fluid by su- 
perimposing the source, sink, and uniform stream 
flows results in a mathematical expression which 
graphically represents a body moving through a 
stationary fluid, or conversely, a stationary body 
immersed in a moving fluid. There is no flow sepa- 
ration, and the pressures at all points on the body 
exactly counterbalance, to give a net force of asero 
in all directions. See D’Alembert^s paradox. 

Drag, Because for the viscous case the flow never 
actually reaches the rear stagnation point, it can- 
not achieve the value of pressure predicted for it 
by the theory of a perfect fluid. Thus the pressure 
in the wake region is less than that at the front 
stagnation point, and a pressure differential exists 
in the streamwise or drag direction, resulting in 
a drag force. As the angularity of the airfoil in- 
creases positively relative to the flow (angle of at- 
tack increases), the front stagnation point moves 
farther down on the lower surface. Thus the flow 
passing from stagnation point to the trailing edge 
over the upper surface must have an increased ve- 
locity, while in the same way the lower surface ve- 
locity must decrease, and the lift force will there- 
fore increase with angle of attack (Fig. 3a). As 
the angle of attack increases, the minimum pres- 
sure on the upper surface decreases, creating an 
increasing adverse pressure gradient ovei the aft 
portion of the upper surface, which in turn causes 
the point of flow separation to move farther for- 



Fig. 3. Plow pottorn on an airfoil In d roal fluid, (o) 
Low anglo Vf attack, unitallod; (b) high anglo of at- 
tack, itoHod. (From P. P. Ewald, T. Poschb and L 
Prandtl, Physics of Solids and Fluids, Biackle, 1936) 
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ward on the upper surface. This forward movement 
has a dual effect on the characteristics of the air- 
foil. First, the wake region increases, thus expos- 
ing more of the surface to what has become an 
increased pressure differential in the stream direc- 
tion, and therefore produces an increase in pres- 
sure or form drag. The second effect is found in the 
lift force, which is reduced by the premature sepa- 
ration of flow from the upper surface. Thus the lift 
force increases linearly with angle of attack until 
separation begins to occur on the upper surface 
forward of the trailing edge; then, as the angle of 
attack is increased further, the linearity disappears 
(slope of lift vs. angle of attack decreases) until 
at some angle (stall angle) the maximum lift is 
obtained (Fig. 36). Further increase in angle of 
attack results in a loss of lift due to continued 
forward movement of the separation point. The in- 
crease in drag force with angle of attack is usu- 
ally somewhat parabolic, depending on the par- 
ticular airfoil, for all low subsonic velocities. 

Aerodynamic force. If aerodynamic force F is 
assumed to be dependent upon such variables as 
fluid mass density p, relative velocity V of the 
body with respect to the fluid, a characteristic 
length I of the body, the compressible nature of the 
fluid (as symbolized by the speed of sound a), the 
viscous properties, as designated by the coefficient 
of viscosity p, dimensional analysis reveals the fol- 
lowing, where AT is a nondimensional constant of 
proportionality, and a and ^ are experimental ex- 
ponents 

The aerodynamicist prefers to work with forces in 
nondimensional form, and hence is interested in the 
force coefficient 


Cf «■ 




{p/2)V^S 

where F = force (as lift or drag), (p/ 2 )F® = 
q » free-stream dynamic pressure, S * represent- 
ative body area, M « free-stream Mach num- 
ber, and RN » Reynolds number. In the equation 
above it is implied that the force, and therefore 
the force coefficient, is dependent in an unspecified 
manner on both Mach number and Reynolds num- 
ber {see Mach number; Reynolds number). The 
flow about the body, that is, the local velocity at 
all points in the flow, depends on the forces on the 
particles making up the flow. For low-speed condi- 
tions the only forces of any consequence are due 
to inertia and viscosity, and the ratio of inertia to 
viscous force is the Reynolds number. At higher 
speeds, where compressibility begins to be signifi- 
cant (above about 300 mph) , there is introduced an 
elastic force, and the ratio of inertia force to elas- 
tic force is the Mach number. In the high sub- 
sonic region, both viscosity and compressibility 


play an important role, and the magnitudes of lil 
and drag are dependent on each of the ralioB, / 
order that two geometrically similar bodies m ^ 
experience proportional forces (and therefore A 
same force coefficients) when placed at the 
attitude relative to a fluid (or to different fluids)^ 
the Reynolds number and Mach number for etch 
case must be identical (see Dynamic similarity) 
The requirement concerning Mach number does not 
hold for dynamic similarity at low speeds, but be 
comes more important than Reynolds number at 
supersonic speeds. This principle is the basis (or 
all experimental testing, whether it be in wind tun 
nels or in actual atmospheric conditions ( 5 ^^ 
Model theory). To obtain the proper values of 
the two ratios, it sometimes becomes necessary to 
use test facilities which are pressurized or evacu 
ated, heated or cooled, and gases which sometimet; 
complicate the mechanical system. 

The importance of the Reynolds number is great 
est in the region of flow immediately adjacent to 
the body surface {see BouND/(pY-LAYER flow) 
This laver of flow is thin compared to the size of 
the body, and yet within it the flow velocity mm 
increase from a required zero value on the surface 
to the local fluid velocity (Fig. 4) . Evidence of sm h 
a layer is found in the film of dust which coilecu 
and remains on the surface of cars, trains, and 
aircraft. Because of the usual thinness of the layer 
the aerodynamicist usually feels justified in assum 
ing the flow outside the boundary layer to be in 
viscid and subject to the laws of fluid mechamrs 
involving a perfect fluid. In this respect the bound 
ary layer effectively increases the thickness and 
slightly modifies the shape of a body (Fig. 5) 

Effect of boundary layer. The drag on a bodv 
is a function of fluid friction and streamwise pre* 
sure differential, whjeh in turn is a function of flow 
separation. The flind shearing stress on the bod> 
surface is a direct function of the velocity gradient 
in the boundary layer, and the gradient is great 
est in the turbulent boundary layer. On the other 



Fig. 4. Dimensionlesi lominor and turbulent bound 
ary-layer profiles. 
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Pig 5. Diagrammatic representation of boundary- (From J, H, Dwinnelh Principles of Aerodynamics, 

layer growth on a sphere for R > 550,000. The McGraw-Hill, 1949) 

boundary-layer thickness is exaggerated for clarity. 

hand, separation of flow from the surface takes leaves much to be desired, and devices for inoreas- 
|,|a(P in the boundary layer when the gradient of ing the lift must be used. 

\f|o(ilv i*' y^ro at the surface. The reduction in Uft-control devicos. Early researchers found 
kinpti(‘ energy of the particles in the boundary that increased curvature of the thin externally 

lavtT due lo adverse pre.ssure gradient and constant braced wings caused an increase in lift with no in- 

^iirfa< e impact has less effect on the turbulent crease in velocity or geometric angle of attack. The 

l)oiindar\ lavcr, with its rather full velocity profile, Wright airplane was controlled laterally by warp- 

ihan on the laminar layer. It is to be expected ing the proper wing. The weight and speed range 

that the turbulent boundary layer will tend to of current designs requires a much thicker inter- 

(lpld\ '•cpaiation, and this fact may be proven ex- nally braced wing, and such warping is impractical, 

pmnientalh. Because delayed separation is desira- However, the camber (curvature of the line midway 

|i|( for bc»tli drag reduction and increase in maxi- between upper and lower surface) of the airfoil 

mum lift (or delayed stall), it seems reasonable may be changed bv allowing a hinged section in 

t<i desiie high Reynolds number, at least for the the aft portion of the airfoil to rotate relative to 

high angles of attack. For low angles of attack, the main structure, to produce a flap, aileron, ele- 

lamindr flow is much more desii able. vator, or rudder, depending on the location of the 

The designer has little control over the value of particular airfoil in the aircraft. Each is a lift-pro- 
the Kevnolds number, so he must resort to other ducing device. These trailing-edge devices tend to 

mean*' to achieve these aims. First, he mav obtain increase the adverse piessiire gradient on the up- 

hm drug at the lower angles of attack by care- per surface for a flap deflected downward, and on 

fulK she! ping (he airfoil so as to minimize adverse the lower surface for a flap deflected upward. One 

prt^^siiip gradient over the rear portion. For such ol the greatest problems in control-surface (hinged 

designs, the drag usualh rises rapidly at the high portion) design is that of maintaining flow over the 

angles; however, the drag at high angles of attack upper surfa* e of the deflected surface. Slots, slats, 

i'' not considered disadvantageous, because the cor- boundary-Iaver removal, blowing devices, and vor- 

respending flight condition is take-off or landing, tex generators have been used with varying success, 

where the drag is not usually critical. Nevertheless, As the speed increases, the local velocity in the 
the maximum lift obtainable from such shapes minimum-pressure region may become supersonic, 

trailing, or 
free, vortex 


^'9- 6. Representation of a rectangular wing by a horseshoe vortex. 
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with the powible aooompaniment of a normal shock 
wave farther aft on the surface, which usually in- 
teracts with the boundary layer and causes flow 
separation. See Transonic fught. 

Flflfte^wing affects. Because of the difference in 
pressure on upper and lower surfaces of a wing 
and because the wing is composed of airfoils, the 
fluid in the high-pressure region attempts to move 
around the tips and join the low-pressure fluid on 
the upper surface. The fluid moves rearward as it 
attempts to move upward, and the resultant path at 
the tip resembles a corkscrew. There is also a gen- 
eral outward flow on the lower surface and an in- 
ward flow on the upper surface which imparts a 
large amount of swirling motion to the fluid along 
the trailing edge as the upper and lower surface 
flows meet. Thus the flow downstream of the wing 
contains a sheet of vortices, ending in the large 
tip vortices. The large vortices are clearlv visible 
in certain atmospheric conditions. 

Lifting-line theory. The Prandtl lifting-line 
theory is based on the superposition of a field of 
square horseshoe-shaped vortex filaments which lie 
along the quarter-chord line of the wing and extend 
rearward to infinity, thus approximating the phys- 
ical happenings described above (Fig. 6). The su- 
perimposed vortices along the lifting line of the 
wing provide a varying circulation which, when 
acted upon by a free-stream flow, produces a vary- 
ing lift in accordance with the Kutta-Joukowski 
equation. Both the bound vortices and the trailing 
vortices behind the lifting line produce induced ve- 
locities known as downwash or iipwash in the re- 
gion surrounding the wing Thus there will be 
found by this theory an upward flow forward of the 
wing, a downward flow at the lifting line, and a 
downward flow behind the wing. These velocities 
are added vectorially to the free-stream velocilv to 
obtain local flow magnitude and inclination in the 
regions mentioned. Along the lifting line the local 
angle of attack is reduced by varying amounts 
along the wing depending on the planform, but in 
general most highly tapered wings experience a 
greater reduction near the center line than at the 
tips. As the aspect ratio (ratio of wing span to 
mean chord) decreases, the downwash increases, 
thus requiring a larger angle of attack to produce 
the same wing lift coefficient. The angular reduc- 
tion is known as the induced angle of attack. The 
resultant velocity vector, representing the vector 
sum of the free-stream velocity and the downwash 
velocity, is larger than the free-stream veloc ity and 
IS inclined downward relative to it ; thus the result- 
ant wing lift will be inclined rearward relative to 
the location of the lift vector for the wing of infi- 
nite aspect ratio, which has no downwash. The com- 
ponent of the resultant lift which is normal to the 
infinite aspect-ratio lift vector, and therefore in the 
drag direction, is known as the induced drag, or 
the drag due to lift. Because the downwash in- 
creases with decrease in aspect ratio, the induced 
drag increases with reduction in aspect ratio. It is 


also obvioMsIy a direct function of lift, so that to 
minimize drag at high lift coefficients, wing 
pect ratio should be large. This fact presents a 
problem to the designer, because a slender wing U 
more difficult to design structurally than a short 
stubby wing of the same area. Another probloin 
which confronts the designer is the effect of local 
angle of attack variation along the wing near stall 
For some wings, if the root section is placed at an 
angle near stall, the tip sections will probably be 
stalled, and if the tip sections are placed near 
stall the root sec tions will not develop their full Ii[| 
capacity. Thus the designer usually is forced to 
twist the wing-tip sections downward (washout) 
relative to the root sections, either aerodynamicalh 
by decreasing camber with distance from the wing 
center line, or by physically twisting the wing diir 
mg construction. Nearly all modern airplane wingH 
incorporate some manner of twist to produie 
proper stall characteristics 

Stability and control. The wing, as the lifting 
device for the aircraft, whether be fixed, as m 
the airplane, or rotating, as in the helicopter, 
probably the most important aerodynamic part of 
an aircraft However, stability and control rhard( 
teristics of the subsonic airplane depend on tin 
complete structure. Control is the ability of the air 
plane to rotate about any of the three mutually per 
pendicular axes meeting at its renter of gravitv 
Static stability is the tendency of the airplane in 
return to its original flight attitude when disturbed 
by a moment about any of the axes The axes c ho 
sen are usually along the fuselage, along the wing 
and normal to these two in the vertiial (relatne 
to the airplane) direction, and arc designated a \ 
and z respectively. 

Rotation about the x axis is teimed loll, and h 
achieved by produij^g unbalanced lift on opposing 
sides of the wing by means of the ailerofis, located 
near the wing tips, which deflect differentialh 
down for the upgoing wing. Stability about the i 
axis is produced hy sloping the wings iipwaid in 
the spanwise direction, or in the xz plane The rt 
suit is termed dihedral, with downward slope known 
as c athedral or anhedral. 

Control about the y axis is known as pitch eon 
trol. and is achieved by the production of a mo 
meiit about the centei of gravity due to a force m 
the z direction produced either by a horizontal tail 
aft of the center of gravity or a control surfd<e 
forward of the center of gravity, known as a canaid 
Stability is achieved primarily by the horizontal 
tail, because wing lift H usually forward of the ren 
ter of gravity, thus providing an unstable moment, 
and most fuselages are inherently unstable. (In 
the tailless airplane, stability is achieved b' 
sweeping the wing back and twisting it so aa to 
place the center of lift behind the center of 
ity.) 

Motion about the z or yaw axis is produced by 
the moment about the center of gravity due to a 
force in the r direction on the vertical tail ot fin 



This» force i» in turn produced by rudder deflection. 
Stability ife afforded primarily by this same vertical 
surface, but both the fuselage and wing also tend 

0 reai'«t rotation, and thus contribute to directional 
subility Motions about one axis usually produce 
«.uihcienf aerodynamic and dynamic disturbance to 
induce motion about other axes. See Flight char- 

TERISTICS. ^ ^ [j.E.MA.] 
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Substitution reaction 

One of a class of chemical reactions in which one 
atom or group (of atoms) replaces another atom or 
group in the structure of a molecule or ion. IJsu- 
a]|>, the new group takes the same structural posi- 
tion that was occupied by the group replaced. 

Substitution reactions involve the attack of a 
reagent, which is the source of the new atom or 
group, on the substrate, the molecule or ion in 
\\4uh the replacement occurs They involve the 
foimaljon of a new bond and the breaking of an 
old bond Substitution reactions are classified ac- 
cording to the nature of the reagent (electrophilic, 
nufleophilic, or radical) and according to the 
nature of the site of substitution (saturated carbon 
atom oi aromatk carbon atom) See Ei fctropiiilic 

\\D Nr< I 1 OPHILIC RI ACFNT. 

S\stematic names for substitution reactions are 
(omposed of the parts: name of group intro- 
flu(fd + dc I name of group replaced 4 ation, 
with suitable elision or change of vowels for eu- 
phony Thus, the replacement of bromine bv a 
mdhoxy gioup (see equation below) is called 
rnetliowdebromination 

Nucleophilic substitution at saturated carbon. 

This important class is exemplified by the reactions 

01 alkvl halides with alkoxide ions to form dialkyl 
ethers 

(H— CH 2 — Br 4- 
n JVopy 1 bromide MethoxiHe ion 
(substrate) (reagent) 

CHa— CHa -CHa— 0- CH, + Br“ 

Methyl n-propyl ether Bromide 

ion 

Other reactive substrates include alkyl esters of 
sulfonic acids, quaternary ammonium salts, and 
ifrtiary sulfonium salts. Other effective reagents 
indude mercaptide ions, halide ions, carbanions, 
water, and amines. 

Two principal mechanisms have befen recognized. 
The unimolecular or S\1 mechanism involves two 
''icps: dissociation (usually slow) of the substrate 
a carbonium ion and another fragment, and 
t'ombination (usually rapid) of the carlK>nium ion 
a nucleophilic reagent. An example is the 
nydrolysis of £e^^butyl chloride: 


lubatlfuHofi maMon M9 

(CH,>,c-a (CH,),c<- -I- a- 

(CH,),C+ + 2H»0 (CH,)K}-OH + Ha()+ 

This mechaiifsm is favored when the substrate ca| ' 
yield a carbonium ion of comparatively low eneijlgf* 
The bimolecular or 5^2 mechanism involves one 
step in which formation of the new bond is simul- 
taneous with breaking of the old bond. This mecha- 
nism is favored when the reagent has strong nucleo- 
philic character and when the site of substitution is 
easily accessible to attacking reagents. The above 
reaction of n- propyl bromide goes by the Sn2 
mechanism. The mechanisms of some reactions are 
intermediate between Svl and 5^2. 

Electrophilic substitution at saturated carbon. 
This comparatively minor class is exemplified by 
the acid cleavage of alkyl mercury compounds: 

CHiHgCl + HCl CH, + HgCl2 

Radical substitution at saturated carbon. Radi- 
cal substitution usually involves a chain reaction. 
Such a reaction has three phases: initiation (in 
which radicals are generated), propagation (in 
which most of the actual reaction occurs), and 
termination (in which radicals are destroyed). 
These are illustrated bv the mechanism of chlorina- 
tion of methane: 

Initiation: CI 2 4- photon of light — ► 2CI* 

Piopdgation: Cl* + CH 4 — ♦ HCl 4- CHi* 

CHt 4 CI 2 CHiCl f Cl* 

Termination* (]Hi* 4* CH^* -♦CHi 
CH,* f Cl* CH,C1 
Cl* -h Cl* — > CI 2 

The propagation steps occur in a cyclic repetitive 
fashion: a product of one step is a vital reactant 
in another step. Hundreds of acts of propagation 
often occur for each act of initiation or termina- 
tion. 

Nucleophilic substitution at aromatic carbon. 

An example is the reaction of p-fluoronitrobenzene 
with ammonia: 

O 2 N— ^ % — F 4^ NHa — > 
f \— =/ I Reagent 

Activating Displaceable 
group group 

OjN— + 'nr 

In these reactions, the usual nucleophilic reagents 
are effective. Common displaceable groups include 
the halogens, sulfonyl groups ( SO^R), qmmonio 
groups (— NRi^), the nitro group ( NO 2 ). and 

several others which are able to depart with an 
electron pair as stable anions or molecules. Hydro- 
gen is seldom displaced. Activating groups are usu- 
ally necessary to obtain reasonable reaction rates. 
Effective activating groups are those of strong 
electron-attracting character, such as — N 2 ^, — NO 2 , 
*— ‘S02CHs, and — CN. The hetero nitro- 
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gen Atom in pyridine and related faeterocycles is 
also a strong activating structure. 

Most nucleophilic substitutions at aromatic car- 
bon occur by a two-step intermediate complex 
mechanism. In the first step, the reagent becomes 
covalently attached to the carbon atom at the site 
of substitution to form a metastable intermediate 
complex. In the second step, the displaceable 
group is detached from the same carbon atom. 
Either formation of the intermediate complex or 
expulsion of the displaceable group may be the 
rate-limiting step. Some aromatic nucleophilic sub- 
stitutions occur via an elimination-addition mecha- 
nism involving benzyne intermediates, and a few 
occur by the SatI mechanism. See Benzyne. 

Electrophilic substitution at aromatic carbon. 
The mechanism of this type of reaction usually in- 
volves two steps and an intermediate reaction com- 
plex: the reagent attaches to the carbon atom at 
the site of substitution, and the displaceable group 
then detaches. Hydrogen is the group most com- 
monly displaced, but sulfo (- SOtH), phosphono 
( — PO,iH 2 ) , carboxyl ( — COOH ) , mercuri 
( — HgCl, for example), and other groups may also 
be displaced. Many electrophilic reagents are effec- 
tive; reactions are classified according to the group 
introduced, this being derived from the reagent. 
See Diazotization ; Friedel-Crafts reaction; 
Halogenaiion; Nitration; Sulfonation. 

Electrophilic aromatic substitutions are activated 
(accelerated) by electron-releasing substituents 
such as 

OH. -0-CH^. — NH 2 , - NH- CO CH,. 

and - CHrf. Deactivating groups include NO 2 , 
— SO<H, — COOH, and COCHj. Each type, acti- 
vating or deactivating, acts most strongly on the 
ortho and para positions. A common practical prob- 
lem is to predict which of five displaceable hydro- 
gen atoms in a monosubstituted benzene will be 
displaced by an electrophilic reagent. Activating 
groups such as — OH are ortho-, para-directing 
(that is, they direct displacement of an ortho or 
para hydrogen). Deactivating groups, since thev 
deactivate meta positions least, are meta-directing. 
Halogen substituents, being mildly deactivating 
and yet ortho-, para-directing, constitute a special 
category. 

Radical substitution at aromatic carbon. This 
also occurs by an intermediate complex mecha- 
nism, but details are not well understood. An ex- 
ample is the phenylation of chlorobenzene: 



The phenyl radical may be obtained in various 
ways, such as by the decomposition of benzoyl 
peroxide or of A^^iiiitrosoacetanilide by heat. 


NudaophiUc substitution at carbonyl carb^ 

Reactions representative of this type are the kv' 
drolysis of acid chlorides, acid anhydrides, ^ 
esters, or the reactions of these substrates'^ 
ammonia to form amides. These reactions usual! 
occur by an intermediate complex mechanism, a) 
though in some cases the 5jvl mechanism prev'afls 
Thus, common base-catalyzed ester hydrolysis (gg. 
ponification) occurs as follows: 

0 0 “ 

II I 

R-C- 0— R' -f OH- ^ R— C— O— R' 

Ah 

Ester Intermediate 

complex 

0 

R- t- 0- + R'-()H 

See Organic themk al synthesis; Organic rea( 
TION mechanism. [J.F.B] 

Bibliography: J. F. Bunnett. Mechanism and 
reactivity in aromatic nucleophilic substitution n* 
actions. Quart. Revs. (London)^ 12:1-16, 1958 
C. K. Ingold, Structure and Mechanism in Organic 
Chemistry^ 1953; C. Walling, Free Radicals in Solu 
tion, 1957. 

Subtilin 

A mixture of polypeptidic antibiotics produced b\ 
Bacillus subtilis. American Type Culture Collet 
lion 6633. The antibiotic inhibits mainly the gram 
positive bacteria. It is most active on dividing bm 
teria and on bacterial spores undergoing germina 
tiun. Its antimicrobial activity on spores and on 
food-poisoning staphylococci has led to proposed 
uses in food procesyng. 

Subtilin is produced, in submerged culture, in a 
simple medium which is vigorously agitated. .Sugar 
or a similar carbon source, an ammonium salt or 
certain organic nitrogen compounds, phosphate 
sulfate, and ions of potassium, magnesium, iron 
manganese, and zinc are required. The metal re 
quirements arc generally more exacting for sub 
tilin formation than for growth. The fermentation 
time is 12 hours. 

In young cultures, subtilin is associated with the 
B. subtilis cells. It is extractable by aqueou- 
7i-butanol; precipitable by dehydration of the bu* 
tanol, by azeotropic distillation, or by addition of 
salt or petroleum ether; and precipitable from 
water by salt (see Distillation). Subtilin A, the 
major component of the subtilin family, is sepa- 
rated by partition chromatography on silica gel or 
by liquid-liquid countercurrent distribution (sft 
Chromatography ) . 

Subtilin A is a neutral compound with a molec- 
ular weight of about 3240; its structure is 
known. On hydrolysis it gives the following amine 
acids (and number of each per molecule) : sin- 
nine (1), L-aspartic acid (1), L-glutamic acid (3)- 
glycine (2), L-isoleucine (1), meso-lanthionine 



/I) L-lcucine (4), L-lysine (3), 6era-inethyllan- 
iil'ninc (4), L-phenyalinine (1), L-proline (1), 
arcosine (2). tryptophan (1), L-valine (1). Those 
^ ino acids ordinarily not found in proteins have 
hTen found in hydrolysates of other antibiotics, sar- 
fosine in the actinomycins and in etamycin, the 
lanthionines in nisin and in cinnamycin (see 
\tA}SO acids ). . . . , , - 

Subtiiin is resistant to inactivation by heat and 
weak acid, but it is inactivated by alkali. Methyl 
and some other esters of subtiiin have enhanced 
artivity; substitution on the free amino groups de- 
stroys activity. Subtiiin is largely inactivated by 
trypsin without extensive hydrolysis. 

The mode of action of subtiiin involves the bac- 
terial cell membrane, causing leakage of essential 
^f\\ constituents. In this it resembles the antibiotic 
(yroridine and the germicidal synthetic cationic 
4iirface-active detergents, such as cetyl trimethyl 
ammonium bromide (see Antimicrobial agents; 
Tyrothrkin). Spores subjected to severe heat 
while dormant as in vegetable canning, become par- 
tjculaily susceptible on germination to subtiiin and 
to the related antibiotic, nisin. This suggests a sub- 
stantial lowering of the heat process requirements 
for certain foods. Practical tests are underway with 
tomato juice and with certain other vegetables. 

Subtiiin is nontoxic when fed in rat diets. It pre- 
(ipitates on intramuscular or intravenous injection 
heiause of its low solubility in the presence of salt. 
Siihtilin is not used therapeutically. See Antibi- 
(HK ; Food lnoineering: Food poisoning, bac- 
TiRKi; Industrial microbiology. rJ-t:.L.] 

Subtraction 

Om* of the four fundamental operations of arith- 
metic and algebra. The first printed use of the sym- 
liol - to denote subtraction is in Johann Widman’s 
iWheunde and hupsche Rechnung, Leipzig, 1489. 
Subtraction is often regarded as an operation in- 
verse to addition, that is, if a and b are numbers, 
the number cr — 6 is defined as that number which 
added to b gives a. The more modern viewpoint 
eliminates subtraction completely by considering 
the number a — fe as the sum of a and that number 
t denoted by —6) which added to b gives 0. The 
number symbolized by — fc is called the inverse of 
ft (with respect to addition). Every real number 
has a unique inverse (the number 0 is its own in- 
verse) and so for each two numbers x, y the opera- 
tion X + (— y) gives a number. Clearly 

[x + (-y) ] + y = X + [ (-y) 4- y] 

- x + 0 « X 

«nd so the number x + (— y) has the property of 
^ when subtraction is regarded as the inverse 
addition. It may, then, be denoted by x y. In 
sense, “subtraction” may be performed on ob- 
Jects of many different kinds, and the original 
numerical operation greatly extended. See Addi- 
Algebra; Division; Multiplication; Num- 

theory. [L.M.BL.] 


Succession! ecolopcal 

The study of changes in the community of organ- , 
isms which occupy a given site, owing to increasing '' 
availability of environmental resources. Ecological 
succession is a gradual process brought about by 
the change in the number of individuals of each 
species and by the establishment of new species 
populations which may gradually crowd out the 
original inhabitants. Hence succession depends 
upon two main factors: (1) what organisms are in 
a position to invade a site, that is the fioristic and 
faunistic resources of the general region; and 
(2) the rate of change of the habitat and its re- 
ceptivity to these potential invaders. See Popula- 
tion dispersal. 

Types of succession. Both allogenic and auto- 
genic succession are recognized. As a community 
exploits some resources of a habitat, leaving others 
untapped, physical and chemical changes are 
brought about. Organisms burrow, penetrating and 
aerating the soil, changing the physical arrange- 
ment of materials; they provide food for other or- 
ganisms; they die, decay, and add to the variety of 
chemicals available. Inevitably, these activities 
modify the habitat. The resources needed by one 
set of populations become depleted, and conditions 
become favorable for the invasion of others; com- 
munities pave the way for one another in autogenic 
succession. 

In instances where some external factor is essen- 
tial, such as continued deposition of sand along 
river banks or silt on lake bottoms, one speaks of 
allogenic succession. In most successions both 
forces are at work. See Biosphere, geochemistry 
of; Ecosystem; Food chain. 

Sere. The unoccupied habitat determines the 
nature of the successional sequence, or sere. Any 
unexploited habitat to which organisms have access 
is suitable for succession studies. These include mi- 
crohabitats, such as dead pine cones with changing 
fungus populations, decomposing tree stumps with 
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succeasive insect coiiitnumties» hay infusions (Fig. 
1 ) , and the more extensive habitats, such as ponds, 
sections of rivers, oyster banks, mud flats, sand 
dunes, abandoned fields, lava flows, or other terrain 
types. 

Those who are interested in population dynamics 
have found it convenient to start from a carefully 
controlled small habitat; others, interested in the 
natural revegetation of certain areas, have found 
it necessary to establish permanent quadrats, sam- 
ple areas to be observed year after year. But suc- 
cession in such quadrats tends to slow down after 
a few years as more and more perennial plants be- 
come established. It is then necessary to deduce the 
course of succession from a comparison with simi- 
lar habitats, which were invaded at earlier times, 
and hence are farther advanced in succession. This 
procedure introduces a number of possible errors. 
The cofnpared plots may have slightly different en- 
vironmental conditions, and the availability of dis- 
seminules is never exactly the same in different 
places and at different times. Because of these dif- 
ficulties, knowledge of succession is partly extrap- 
olated from observed short-term changes and partly 
synthesized from isolated examples. In the case of 
some early American authors, personal desire for 
order led to the construction of such theories as 
the monoclimax concept which is considered later. 

Classification of sores. It is convenient to clas- 
sify successional sequences on the basis of the 
starting habitat. Hydroseres, or hyrarch succes- 
sions, are those in which pioneer plants invade 
open water, eventually forming some kind of soil 
such as peat or muck, the Verlandung of German 
ecologists. Xeroseres, or xerarch successions, are 
initiated on dry ground such as rock, sand, clay or 
similar sterile locations. Such subdivisions as 
psammosere (shifting sand) and lithosere (rock) 
are also useful. 

Another important distinction is based upon 
whether the open habitat has never before been oc- 
cupied, thereby forming the start for the prisere 
(primary succession), or whether the habitat has 
been cleared artificially, leaving vestiges of soil, 
seeds, and debris from previous occupancy and 
starting a subsere (secondary succession) . 

Stages of succession. As an area is invaded 
and taken over by successive populations of plants 
and animals, the physiognomy of the vegetation 
changes. Initially isolated pioneer plants eventu- 
ally give way to a closed carpet (Fig. 2) bringing 
about consolidation of the plant cover. As the hab- 

Fig. 2. Plant tuccesiion on abandoned field in de- 
ciduous forest region, (a) Early pioneer stage on 
ozonal soil, (b) Late pioneer stage of poverty grass, 
(c) Consolidation stage of Kentucky bluegrass and 
goldenrod. (d) Late consolidation stage of hawthorn, 
blackberry, and asters on introzonol soil, (e) Subcli- 
max stage of hickory, ooki, and elm. (f) Climax stage 
of sugor maple, beech, ond tulip poplar, with rich 
spring flora on zonal soil. 


itat is further exploited, it is taken over by 
species having a life form which can more iai| 
utilize its resources (subclimax stage) until a sOn 
munity is finally established which perpetuates « 
self indefinitely because each species raprodn^^ 
and maintains a stable number of individuals. Such 
stable, terminal communities are called climax 
communities. 

This development of a stable community ha^ 
been compared by F. Clements with the develop, 
ment of an organism — an analogy which is too 




.(etched to bavo much eignificance because sue- 
Msion docs not proceed in the same genetically 
aeierrnined fashion, and the end result is not any- 
h'na hke an organism in its degree of functional 
integration and structural stability. Yet this su- 
perorganism concept occurs repeatedly in the liter- 
ature 

NATURE OF SUCCESSION 

On the basis of physiognomy, it is possible to 
i\\\ie succession into pioneer, consolidation, sub- 
cliinax, and climax stages (Fig. 2). The objection 
hav been raised that such stepwise transitions are 
not borne out by close study of the populations. 
There is a continuously changing arra> of species, 
and anv subdivision of such a continuum must be 
an arbitrary decision based on expediency or indi- 
vidual taste. Yet the question of the objective real- 
it\ of communities in successional sequences has 
not been settled to the satisfaction of all ecolo- 
gmts, the kind of data which would settle this dis- 
pute requires field observation over many decades. 

It may be well, however, to keep in mind the fol- 
bwmg characteristics of ecological succession 
listed by R. Whittaker in 1953: (1) its nature is 
lontinuous, (2) comparable habitats are not al- 
wav*' settled at the same rate or by the same group 
of species; (3) certain stages may be prolonged, 
telescoped into one another, or omitted entirely in 
different habitats or in different parts of the same 
habitat 

Succession-retrogression cycles. The progress 
of sue ( cssion IS often interrupted by natuial or man- 
made distiirbantes which open up closed commu- 
nities clear much of the habitat, or kill off certain 
kev species of the community. If this disturbance 
continues, the vegetation will adjust peimanently 
and stabilize in a kind of disturbance-controlled 
ilimax (disclimax). The Irish and German heath 
fields are maintained by sheep grazing and burn- 
ing of the sod; the palmetto-pine lands of the 
MMitlieastern United States are controlled by forest 
hies 

If the disturbance does not recur, succession sim- 
ph receives a setback (retrogression) and starts 
again from an earlier stage. Several examples of 
'■^‘gular alternation of succession and retrogression 
in a cvclic pattern have been discovered. Eventu- 
ally sue cession prevails and leads to a climax. Such 
IS the case in raised bogs, dunes, heaths, and cer- 
tain arctic areas wheie the permafrost level fluctu- 
ates 

Mosaic nature of succession. Succession pro- 
ceeds at different rates in different parts of the hab- 
itat New invaders, at first randomly occupying 
*'niall spots, soon become centers for the establish- 
incni of clusters of new species, because of better 
5»hading. minerals brought up from deeper soil lay- 
ers, and in swamps, more solid foothold around al- 
ready established tussock plants. Thus a mosaic of 
expanding and contracting pieces of vegetation 
eomes about. It may persist into the climax where 
Sxps in the tree canopy, slight undulations of the 


terrain, and other similar phenomena are respon- 
sible for the pattern. 

Sucegstion and zonatton. Succession frequently 
progresses from the edge to the center of an opeki 
habitat, creating belts of vegetation. The belts in 
the center of such areas are still in the early stages 
of succession while the edge has progressed to a 
later stage. Thus, communities which will succeed 
one another in time become laid out in spatial ar- 
rangements. This makes possible the study of suc- 
cessional stages simultaneously, with transects of 
sample areas across the zones of vegetation 
(Fig. 3). 

Zonation, however, is not necessarily evidence of 
succession; nor do the communities found in suc- 
cessive zones necessarily reflect the true course of 
succession. On a river bank with a zonation of wil- 
lows, cottonwoods, sycamores, ashes, and maples, 
each species occupies a slightly different site, with 
different degrees of flooding and soil deposition. 
Hence they are not successive stages in a sere, but 
merely adjacent stands of trees in different habi- 
taN. 

Convergence toward the climax. A key observa- 
tion about the process of succession is that the ini- 
tial stages of various hydroseres and xeroseres may 
differ greatly in appearance and species composi- 
tion. but as succession proceeds, later stages bear 
a progressively greater resemblance to one another, 
first in their physiognomy, and also later in species 
composition. 

For example, lichens and mosses are the common 
invaders of rock habitats, nhereas various annuals 
and grasses settle dry sand plains; eventually, how- 
ever, both habitats will support some kind of oak 
woodland. Although these trees may not be the de- 
finitive ( Umax of these sites, they nevertheless 
demonstrate a convergence towards a certain type 
of vegetation This convergence is largely depend- 
ent upon the development of the soil, and research 
on succession must be firmly based upon a study of 
soil in different stages. 

Succession based upon soil development. In 

most primary successions the initial substrate is not 
differentiated into soil horizons (azonal soil). In 



Fig. 3, donation of vegetation In the succession on 
open sand flat with (ack pine os subclimax. 
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the course of succession, the pioneer and consolida- 
tion plants take up certain minerals and deposit or- 
ganic matter on the surface, thus starting the proc- 
ess of soil development. Depending upon rainfall, 
temperature, and soil organisms (microbes, fungi, 
insects, larvae, worms) the decayed materials in- 
filtrate the soil to certain depths, where they are 
deposited and reutilized. If the initial substrate is 
rocky, plant roots and rhizoids may break it up 
while their stems and leaves trap dust and sand 
particles. If the initial substrate is water, an or- 
ganic layer may form near the surface or on the 
bottom, which in due time becomes thick enough to 
support terrestrial plants and animals. Gradually 
a layered soil is formed (intrazonal soil ) . 

Two aspects of the soil need further mention: 
(1) It has been stated that each successive stage 
of a sere makes more extensive use of the resources 
of the habitat. This implies that the climax is the 
one community which uses the most soil minerals 
in the shortest time, returning them to the soil as 
the leaves fall or as the organisms die. The increas- 
ing efiiciency of successive communities, although 
unconfirmed, is now being investigated by those in- 
terested in the transfer of matter and energy in 
ecosystems. (2) It has also been mentioned that a 
convergence of the plant cover is evident as succes- 
sion progresses. The question of whether there is 
also a soil climax and whether it coincides with the 
biological climax has a twofold answer. Each par- 
ticular substrate has its own maximum degree of 
differentiation, and is considered mature (zonal 
soil) when this maximum is reached. This condi- 
tion is generally achieved under climax conditions 
of the vegetation which it supports. A stable soil 
accompanies a stable plant cover. However, there 
are certain unalterable properties peculiar to each 
soil. Within the time needed for a succession, the 
mineral composition of the soil changes only 
slightly. A clay soil will always be a clay soil; a 
soil deficient in calcium will not improve no matter 
how many plants grow on it. Only if calcium is 
present in layers below the topsoil can plants bring 
it up and improve the topsoil. Although the texture 
of soil may be slightly modified by additional or- 
ganic matter, its basic properties are not changed. 
For this reason, the convergence toward the climax 
is never complete. Mature zonal soils, although 
similar in degree of development, remain as differ- 
ent as their parent materials in mineral make-up. 
See Soil. 

THE CLIMAX COMPLEX 

Ecological succession eventually leads to a com- 
munity with greater stability and permanence than 
the successional stages. However, there may be 
many reasons why succession comes to an end. Re- 
peated .fires, drainage patterns, and topographic 
factors may all be responsible, and within one re- 
gion several communities of similar physiognomy, 
but with different species composition, make up a 
complex of climaxes. Only a few commonly recog- 
nized types of climax can be discussed here. In no 


other aspect of ecology has nomenclature been 
rampant. 

Subclimax. The subclimax is the first step jj) 
converting the consolidation stage to climax cosq. 
munity. In forest regions, this happens when tiee 
seedlings become established in a meadow and cre- 
ate areas of shade. These trees generally are act 
the final climax species, for often they will only 
germinate and grow in the open, not in dense 
shade. Thus the subclimax resembles the climax in 
structure, but it differs in species composition. 
Both could be deciduous forest, or in another area 
both might be grassland. 

Usually, the habitat of the subclimax limits fur. 
ther progress. Blocked drainage in swamp forests; 
coarse, porous soils in pine barrens; and seasonal 
flooding of river forests are examples of such lim- 
iting factors. If this is the case, the subclimax takes 
on the permanent role of edaphic or topograpkir 
climax. 

Regional climax. This climax develops from 
subclitnax communities in habitat^ where drainage 
is good but not excessive, so that no topographic or 
edaphic inhibitions exist. At this stage the inter- 
dependence of species is greatest, with growth 
rhythms, life forms, and local distribution pattern*; 
arranged so that the most efficient use is made of 
the available resources. Whether the regional cli- 
max is the most efficient and productive communit\ 
of its successional sequence will remain a matter 
of speculation until better productivity measure- 
ments are possible. 

According to some authors, this community has 
freed itself from its edaphic and topographic con- 
trols and is limited only by climate, hence the syn- 
onym climatic climax. 

Monocllmax and polycllmax concept. F. Clem 
ments’ original concept of succession was that all 
seres would end in ifce climatic climax ; hence, the 
regional climax would be identical for all sereb. 
This is the monoclimax concept. This concept has 
not stood the test of field observation. Although it 
is true that many climax species can grow on ma- 
ture zonal soils regardless of whether they origi- 
nated from limestone, sand, or peat, it is an ex- 
aggeration to say that soil has no influence at all 
on the composition of the climax. 

The alternative polyclimax concept takes note 
of four factors: (1) the effect of local relief, creat- 
ing a mosaic- rather than a homogenized plani 
cover; (2) topographic differences responsible for 
different topographic climaxes, on various expo- 
sures on mountains; (3) soil inhibitions creating 
edaphic climaxes; and (4) climatic changes, leav- 
ing isolated relic communities as climaxes of the 
past. As a result of all this, very little of the land- 
scape may actually support the regional climax 
community. 

CLIMAX AND CLIMATE 

Effects of changing climate. It is known from 
the analysis of pollen grains found in lake depoaiD 
that for many thousands of years the vegetation of 



Northern Hemisphere has been in continuous 
gc as a result of increasing mildness of cli- 
Such changes are not commonly regarded as 
*”*ce9sion9, for they are not the result of expand- 
usage of the habitat, and proceed much more 
Ifwly than successions. 

When climate changes, a change in the adjust- 
,nt of the vegetation to its habitat results. Thb 
i!!^C 9 pecially true in the higher stages of succes- 
lion; the pioneer stage is limited chiefly by the 
Liremc nature of the substrate, not directly by 
rlimate. In the climax complex, however, a shift 
towards dry climate forces the trees to rely more 
heavily upon water stored in the soil (edaphic com- 
pensation) ; hence, they survive only in protected 
coves. Under these circumstances the upland is 
taken over by another community. A drought-re- 
sistant topographic climax now becomes climatic 
climax, while the former climax leads a precarious 
evistcnce in sheltered places. Such relic climaxes, 
typical of climates which are cooler and more 
moi’^t than the general regional climate, are called 
po'irdimaxes. With a climatic shift in the other di- 
rect ion—towards a generally cool, moist climate — 
the climax is also changed on the upland, and re- 
mains only on dry, exposed sites, where it persists 
asj a preclimax. In the sugar maple-beech forests of 
the Middle West, enclaves of oak woodland are 



4. Climax regions within the deciduous forest 
formation: 1, hemlock, northern hardwoods region; 

beech-maple region; 3, maple-basswood region; 4, 
oak-hickory region; 5, western mesophytic region 
(tension area); 6, mixed mesophytic region; 7, oak- 
chestnut region; 8, oak-pine region; A, boreol needle- 
leaf forest formation; B, broodleof evergreen forest 
formation; C, the grassland formation. (Redrawn after 
Broun, J950) 
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preclimax communities, whereas coves of hemlock 
forest are postclimax. See Palynology. 

Tension zones. Attempts to map the extent of 
regional clinmxes, such as those of E. L. Braun, 
are usually hampered by two problems inherent in 
transition zones (Fig. 4) : continuity of the vegeta- 
tion, and interpenetration of climaxes. Unless some 
feature of the topography, such as a mountain 
range or wet lowland, forms the abrupt border of 
the area of each of the climax species, there is 
bound to be so much overlapping and blending be- 
tween two climax communities that it is impossible 
to draw the line. This has led certain workers to 
recognize only individual stands of vegetation not 
classifiable into abstract communities. Such views 
do not encourage vegetation mapping, unle.s8 one 
uses blending colors. 

On the edges of each regional climax the role of 
certain post- or preclimax communities becomes in- 
creasingly important because here they are still 
close to their own climate. The result is an inter- 
penetration of climax communities on the upland. 
The question as to which of these is entitled to the 
name regional climax becomes completely im- 
practical where much of the land is contested by 
two or three climaxes. 

The result is that in certain areas the polyclimax 
concept has great merits, especially in tension 
zones, in hilly terrain, and in areas with rapidly 
changing climates; in others, the monoclimax con- 
cept is a better model, especially in large uniform 
areas with a history of stable climate. 


THE IMPORTANCE OF SUCCESSION 

Prevalence of succession. Many atlases pre- 
sent maps of vegetational formations (biomes) of 
the world. A single formation, such as the decidu- 
ous forest, would contain a large number of re- 
gional climaxes (Fig. 4), each accompanied by 
sub-, post-, and preclimaxes. Inevitably some of the 
area, often much of it, is given to early stages of 
succession and cannot be mapped on a world-wide 
scale. Sec Biome. 

Ecological succession was di.Hcovered in the tem- 
perate zone because much of the land is occasion- 
ally cleared, and vegetation invades the habitat in 
conspicuously different stages. To the north, in 
the tundra and taiga, there is also much disturb- 
ance, especially by ice and seasonal upheavals of 
the soil. These disturbances are so continuous and 
the growing ^season is so short, however, that suc- 
cession is much less important as a force in the 
vegpSation than is the response to substrate, length 
of snow cover, and other factors. 

In the moist tropics, large areas are relatively 
undisturbed. Here the vegetation is continuously in 
climax condition (sometimes edaphic climax). 
Where disturbances occur, the initial stages of 
succession proceed rapidly after the land is 
stripped. Aowever, the forest does not immediately 
return to climax condition, and for a time palms, 
tree ferns, and vines form a jungl^like subclimax. 



It is not coincidental that succession was stud* 
iad most ifitmsely in the area where it is most 
neatly laid out in stages^ the deciduous forests of 
Europe and America. 

UtM of oiicoesaion by man. The activities of 
man in the landscape generally have the effect of 
stopping succession at an early stage. Fire was 
used by most primitive people to keep forests suit- 
able for hunting, or to clear land for primitive ag- 
riculture. Since almost all major crop plants are 
annuals of the pioneer stage, regular plowing is 
needed to hold down succession. Other methods of 
checking succession include mowing and grazing, 
which favor sod-forming grasses and kill most tree 
seedlings; and selective weed control with chemi- 
cals which generally damage broad-leaved plants 
more than grasses and the like. 

By manipulation of the drainage pattern of the 
land, succession can be either retarded or accel- 
erated depending upon the owner’s intended pur- 
pose, Such manipulation may be used to provide 
good fishing conditions, or to establish a cranberry 
bog, a cow pasture, or a stand of productive tim- 
ber. See Conservation of resoitr(ls; Land usf 

PLANNING. fKIt] 
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Sucker 

Any fish belonging to the familv Catostomidae, 
totaling about 100 species, all North American ex- 
cept for one in Siberia and one in China. Suckers 
are soft-finned fishes, with cycloid scales and a 
protrusible mouth, usually ventrally located. The 
suckers, especially the smaller members of each 
family, closelv resemble the minnows. In addition 
to the many fishes called suckers, this family in- 
cludes the buffalo fishes, quillbacks, and redhorses. 
The typical sucker, such as the redhorse or chub- 
sucker, can be distinguished by the thickened lips, 
which are well developed on most of the family. 
Suckers are bottom feeders, feeding by suction and 
eating both plants and animals. They are valuable 



The common sucker, Cafosfomus eommersonniJ; length 
to 28 in. (From £. L Palmer, Fieldbook of Natural His- 
tory , MeGraw-Hilh 1949) 


as forage fish when small, and the larger specj 
are of some commercial importance. Tlie bu8||^ 
fishes alone contribute from 15,000,000 to 20,00o^ 
000 lb to the commercial harvest annually, 
Cypriniformes. f j j 

Sucrose 

An oligosaccharide also known as saccharose, cine 
sugar, beet sugar, a-D-glucnpyranosyl-/3.D-fructofu. 
ranoside. The sugar occurs universally throughout 
the plant kindgom in fruits, seeds, flowers, and 
roots of plants. Honey consists principally of an 
crose and its hydrolysis products. Sugar cane and 
sugar beets are the chief sources for the prepara 
tion of sucrose on a large scale. Another source of 
commercial interest is the sap of maple trees The 
consumption of sucrose in the United States is 
more than 100 lb per capita per year. See Olico 

SA( ( HARIDF. 



Sui rose 

The spec ih( rotation of sucrose | o] J5 +66 '1 
and melting point (mp) 186°C. It is nonredminf; 
and IS not fermentable by yeast. Sucrose is ven 
soluble in water and crystallizes from that medium 
in the anh\drous form. See Optical activity 

The bacterium Pseudomonas sacrharophila (on 
tains an enzyme, sucrose phosphorylase, whith 
( atalvzes the synthesis of sucrose from a-D-glucose 
1-phosphate and D-p*uctose, In plants, sucrose 
synthesized from mridine diphosphate * d gliu oh 
and n-fru(tose or D-fructose-6-phosphate. In the 
latter case, the resulting sucrose phosphate is h\ 
dioly/ed bv an enzyme, phosphatase, to yield free 
sucrose. See Enzyme. 

The specific rotation of sucrose is +66 S® in 
water; it is readily hydrolyzed by acids and by the 
specific enzyme siicrase (invertase) to yield equal 
amounts of D-glucose and D-fructose. 


Sucrose + water 
-^ 66 . 5 ° 


D-glucose + D-fructose 
[al*^+52.2» [alS-93* 
Invert sugar 
Mg -20.4® 


As the levorotation due to D-fructose exceeds the 
dextrorotation due to D-glucose, the hydrolysis 
results in a change in sign. The process is therefore 
called inversion, and the equimolar mixture of the 
two sugars is known as invert sugar. fw.2.H I 


Suctorida 

An order of the Holotricha whose members^ 
long considered quite separate from *Hrue*’ 
ates. These forms show a number of highly spoct"* 



A features. Most conspicuous arc their tentacles, 
many in number, which serve as mou^s. 
Th L multiple organelles of ingestion become fas- 
I to the pellicle of prey organisms, generally 
f ciliates. By forces still not entirely under- 
they arc used to suck out the prey’s proto- 
Tsm to provide sustenance for the suctorian’s own 
!' Nearly all species are stalked, and the seden- 
' mature forms are devoid of any external cili- 
^ re Young larval forms are produced by both en- 
Jolenous and exogenous budding. These forms 
Jar loromotor cilia and serve, as in the ( ase of 
peritruhs. for dissemination (see illustration). 



j Endogenous budding in the suctorian Podophrya, a 
I species which measures lQ-28 fi» 


From .in evoliitionar\ and phylogenetic point of 
\i(\\ It IS verv signihicint that an infiac iliature is 
|)ow(ni throughout the cuiious siutorian life cy- 
It Silver staining tec hnufiies, in partu iilar, reveal 
II |iisl ds (leailv in the adults without cilia as in 
tiu (ihdted larval forms Anneta is a common spe- 
iiis l\)flophntu shortly after the emergence of the 
uMinp through the birth-pore, is an example of en- 
dogenous budding. Ephelota exhibits multiple ex- 
t»g(noii'- iuidding as its means of asexual reprodiu’- 
lion Se( Hoioiricha. [J-O.C. | 

Sugar 

I he word “sugar,” when unmodified, refers to su- 
‘To'.e the common sugar of commerce. It is a di- 
^Jnhaiidc of the formula CUH 22 O 11 which is split 
1)' Indrolvsis into two monosaccharides, or simple 
Hig.irs glucose (dextrose) and fructose (levulose). 

^i2H,2()n + H 2 O - ► CeHi206 -f CMh 
Sucrose Water Glucose Fructose 

'^luroM' rotates the plane of polarized light to the 
do does glucose, but fructose is so strongly 
^^'‘irotdtorY that it overcomes the effect of glucose. 
Taints mixtures of equal amounts of glucose and 
^nidosp are levorotatory. The hydrolytic reaction 
called inversion of sugar, and the product is in- 
'^ugar or, simply, invert. See Carbohydrate; 

Sucrose is widely distributed in nature, having 
found in all green plants which have been 
carefully examined for its presence. The total 
nuantity of all sugars formed on earth each year 


has been estimated at a colossal 400,000,000,000 
tons. Commercial sugar of fairly high purity, which 
has been put through centrifugals to separate mo- 
lasses, totals albout 50,000,000 tons a year, and the 
amount is rapidly increasing. 

In spite of its availability in all green plants, 
sucrose is obtained commercially in substantial 
amounts from only two plants: sugar cane, which 
supplies about 60% of the world total, and the 
sugar beet, which provides 40%. 

Cana sugar manufacture. The manufacture of 
cane sugar is usually done in two series of opera- 
tions. First, raw sugar of about 98% purity is pro- 
duced at a location adjacent to the cane fields. 
The raw sugar is then shipped to refineries, where 
a purity c lose to 100% is achieved. 

Raw cane sugar. The production of raw cane 
sugar begins with growing the cane in tropical or 
subtropical areas {see Sugar cane). The cane is 
harvested after a season which varies from seven 
months in subtropical areas to 12-22 months in the 
tropics. The cane stalks are harvested either by 
heavy handknives, or mechanically. The trend is 
toward mechani/ation. The stalks are transported 
to a mill by oxcart, rail, or truck where they are 
( rushed and macerated between heavy grooved iron 
tolls while being sprayed with water countercur- 
renlly to dilute the residual juice. The expressed 
luice contains 95 or more of the sucrose present. 
The fibrous residue, or bagasse, is usually burned 
under the boilers, although increasing amounts are 
being made into paper, insulating board, and hard 
board, as well as furfural, which is an intermedi- 
ate for the synthesis of nylon 66. 

Cane juice The cane juice is treated with lime 
to bring its pH lo about 8.2. This prevents the in- 
version reaction, which is favored by heat and acid 
and would lower the yield of rrystallizable sugar. 
The juice is then heated to facilitate the precipita- 
tion of impurities, which are then removed by con- 
tinuous filtration. The purified juice is concen- 
trated by multiple stage vacuum evaporation (usu- 
ally four or five stages) and when sufficiently con- 
centrated is boiled to grain or seeded with sucrose 



Intarior vi#w of raw sugar mill. Hoovy rollars squooza 
sugor-boorSng iuicos from mocoraloci cono. (Sugor 
RBsaarch Foundation, Inc.) 


crystals m, a single stage vacuum pan. Usually 
three successive crops of crystals are grown, cooled, 
and centrifuged. The final mother liquor, which 
is resistant to further crystallization, b called 
blackstrap molasses. It is used principally as a 
feed for cattle and poultry, although substantial 
amounts are still fermented to produce industrial 
alcohol and rum. 

Raw cane sugar refining. The refining of raw 
sugar begins with dissolution of the molasses, 
which exists in a thin film on the sucrose crystals 
in spite of the centrifugation. This step, called af- 
fination, brings the purity from about 98 to about 
99%. The crystals are dissolved in hot water and 
percolated through bone char columns to remove 
color by adsorption. The bone char is washed, dried 
and burned to remove impurities and reused until 
it wears out mechanically and is discarded as fines. 
Even these have value as fertilizer because of their 
high content of calcium phosphate. 

Sucrose is concentrated by vacuum evaporation, 
crystallized by seeding, centrifuged, and dried. In 
some plants, activated vegetable charcoal is used 
in place of bone char. The fragility of this material 
requires the employment of filter presses rather 
than char columns. Recently, an activated char 
made from coal has become available that is suffi- 
ciently strong to be used in columns. Ion exchange 
resins reduce the ash content of sugar solutions 
and thus increase sucrose recovery with a lowering 
of molasses production. They are employed to a 
limited but increasing extent. 

Beet sugar. In the United States, sugar beets 
are grown under contract by farmers from s€!ed 
supplied by a beet sugar company (see Sucar 
bkkt). Because sugar beets, like other temperate 
zone crops, thrive best under crop rotation, they 
are not well adapted to one-crop agriculture. 

Beet sugar refining. When beets are delivered to 
a factory, they are washed and sliced, and the 
slices extracted countercurrently with hot water to 
remove the sucrose. The resulting solution is puri- 
fied by repeatedly precipitating calcium carbonate, 
calcium sulfite, or both in it. Colloidal impurities 
are entangled in the growing crystals of precipi- 



Outsida a modern boot sugar factory, tho boots afo 
storod in pilot to owoit processing. {Sugar Research 
Foundation, Inc.) 


tate and removed by continuous filtration, 
suiting solution is nearly colorless and the sticnig,. 
is concentrated by multiple-effect vacuum evapsra 
tion. The syrup is seeded, cooled, centrifuged^ 
the crystals are washed with water and dTied.'Beet 
molasses differs from cane molasses in haviii| ^ 
much lower content of invert sugar. It is, therefore j 
relatively stable to the action of alkali and in the ' 
United States is usually treated with calcium ox- i 
ide to yield a precipitate of calcium sucrate. This i 
is a mixture of loose chemical aggregates of bu- ' 
crose and calcium oxide which are relatively insol- i 
uble in water. The precipitate is filtered, washed 
and added to the incoming crude sugar syrup, ij 
furnishes calcium for the precipitations of calciun) 
carbonate and sulfite, referred to above, which re- 
move impurities. Carbon dioxide in the form of flue 
gas is the other reagent, and for the sulfitation 
step, sulfur dioxide from burning sulfur is used. 

Beet residue use. The beet tops and extracted 
slices as well as the molasses are valuable as feeds. 
More feed for cattle and otheA ruminants can be 
produced per acre-year from beets than from an\ 
other crop widely grown in the United States. This 
is independent of the food energy in the crystal- 
lized sucrose, which exceeds that available from 
any other temperate-zone plant. It is for these rea- 
sons that the densely populated countries of Eu- 
rope have expanded their beet sugar production, in 
spite of the ready availability of cane sugar from 
the tropics. 

The increased use of nitrogenous fertilizer has 
resulted in augmenting the protein content of tlir 
molasses and other beet by-products. In 19.S8 the 
commercial amnion iation of extracted dried heei^ 
slices was begun; this process increases still fur 
ther the protein equivalent for ruminants. 

Nutritional valitf of sugar. Sucrose has, in tht 
past, been attacired by some nutritionists on the 
ground that it provides only “empty calories," 
without protein, minerals, or vitamins. This argu- 
ment lost much of its force when it was shown 
that all the vitamins and minerals recommended 
by the National Research Council can be obtained 
by consuming any of a great variety of foods in 
amounts which yield a total of only one-half of the 
caloric requirements of an average person. The 
wide use by the public of vitamin supplements has 
canoed some nutritionists to express an opposite 
wmy over excessive vitamin consumption. The 
problrai of sugars and tooth decay is not so easily 
disposed of, however, and continues to be the suh- 
ject of active research. The discovery that sugars 
have an effect in diminishing appetite has led to 
their inclusion in reducing diets. 

Use in organic synthesis. Since 1952 active re- 
search has been underway on the use of sucrose as 
an inexpensive, pure, and readily available starl- 
ing material for organic synthesis. This has led to 
the commercial production of sucrose-based deter- 
gents, plastics, and plasticizers. 

Other sources of sugar. In Hawaii, the pinf 
apple industry recovers both sucrose and citric 
acid from the rinds. The residue is fed to cattle* 


The total quantity of sucrose obtained from waste 
fruit is statistically negligible. On the other hand, a 
oubstantial fraction of the total sucrose consumed 

rfigt naturally present in a very large number of 
fruits, vegetobles, and nuto. 

loiitose. Cow’s milk on a dry basis is about 38% 
lactose or milk sugar. In the United States about 
13 Ib of lactose per capita per annum are consumed 
in milk products. This compares to 96 Ib for su- 
crose. When milk is converted into cheese, the lac- 
io^ remains in the whey, from which it may easily 
l)f isolated and purified. Lactose is a disaccharide 
which is split by hydrolysis into glucose and galac- 
tose. It is about one-tenth as soluble in water as su- 
rrose and one-sixth to one-half as sweet, depending 
on concentration. Uses are actively being sought. 

Starch. The corn products industry is discussed 
elsewhere, but it should be mentioned that starches 
ran be hydrolyzed either by dilute acid or enzymat- 
ically (see Corn). The product of acid hydrolysis 
\arie.< with time and conditions but contains glu- 
M)‘'e, maltose, maltotriose, maltotetrose and other 
Mjgars up to the dextrins. Only glucose, a monosac- 
, halide, is readily isolated. It is crystallized as the 
monohvdrate used in foods. It has captured about 
VI of the sweetener market. Syrups high in mal- 
a disaccharide, can be obtained by the action 
of amylases on starch. This hydrolysis has been of 
importance, for thousands of years, in split- 
ting starches for alcoholic fermentation. As yet, 
there is no large-scale production of pure maltose. 

Maple sugar. When America was discovered by 
the white man, the Indians were ctdiecting and con- 
M'nlrating the juice of the hard maple (Acer sac- 
thnrum). thus making maple syrup. The practice 
^vas quickly accepted by the new settlers and has 
been an industry ever since in the regions where 
hard maples are common, principally the north- 
t‘a^tc^n United States. Recent research has dis- 
closed the curious fact that the maple flavor does 
not exist in the sap but is developed by heating it. 
Rv additional heating at about 120°C, a flavor 4 5 
linie*. more intense can be developed. Maple syrup 
H) produced is of special value for adding flavor to 
the less expensive products of the sucrose industry. 
Maple sugar is sucrose of about 95-98 purity; 
'he delicious flavor, delight of gourmets, makes up 
f>nJv a small per cent. Fairly satisfactory imitation 
maple flavors are available. 

Honey. Honey is a form of relatively pure invert 
^ugar dissolved in water to form a concentrated so- 
iutiort. but also containing precious flavors derived 
from the nectar of the flowers from which it was ob- 
tained by the bee. Nutritionally, it is nearly equiva- 
lent to invert sugar but contains an excess of fruc- 
tose over glucose. The sucrose found in the flowers 
js inverted by the enzyme, honey invertase. Tupelo 
honey is remarkable in containing about twice as 
much fructose as glucose, and hence has little tend- 
J^ncy to deposit glucose crystals. The ready availa- 
nuity of the food energy in honey was known to 
athletes in ancient Greece. Only in recent times 
has it been discovered that, paradoxically, the en- 
of sucrose is still more quickly available. The 
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flavors of various honeys run a wide gamut. That 
from the Mt. Hymettus region, which is flavored by 
wild thyme, has been known and treasured since the 
poems of Hefhier. 

Molasses. Virtually all molasses is distributed*', 
in the form of a concentrated viscous solution, biHt ' 
it can be reduced to a powder by means of spray 
drying. It can then be handled without an invest- 
ment by the customer in tanks, pipes, and pumps. 
The problem is not so much the evaporation, as pre- 
venting later contact with moisture which converts 
it to a gummy mass. The availability of vapor-proof 
bags, for example, those lined with polyethylene, 
has provided one solution to the problem. There are 
also various additives which, when mixed with mo- 
lasses, reduce its tendency to pick up moisture. So 
far (1960) dried molasses has made little headway 
against the standard practice of handling the con- 
centrated solutions. 

Comparison with synthetic sweeteners. Sug- 
ars, and particularly sucrose, have had to face com- 
petition in recent years with synthetic sweeteners. 
The first of these was saccharin, which is about 300 
times as sweet as sucrose. After dulcin and cer- 
tain others had failed to win approval by the U.S. 
Food and Drug Administration, the salts of cyclo- 
hexylsiilfamio acid were permitted under various 
trade names. These are only about 30 times as sweet 
as sucrose, but lack the bitterness which many peo- 
ple observe in saccharin. Cyclamates are also more 
resistant than saccharin to the action of hot water 
and therefore find use in canning fruit with lower 
caloric content than that sweetened with sucrose. 
Tests have shown that such fruit is much preferred 
to that canned in plain water hut not equal in 
flavor to a sucrose pack. About 1% of the sweetener 
market goes into synthetics. 

Syrups. Syrups are relatively concentrated, 
somewhat viscou.s, solutions of various sugars, fre- 
(fuently in admixture to hinder crystallization. The 
Dutch word for syrup is stroop^ which, somewhat 
altered, has entered our language in the term 
“blackstrap molasses.” 

Approximately 11% of the sucrose sold in the 
United States (1958) is in the form of syrups of 
high purity. These so-called “liquid sugars” have 
the double advantage of economy of handling, being 
moved with pumps, pipes, tank trucks, and tank 
cars, and also have a high degree of sanitation, 
since closed containers are used. It is necessary, 
however, to pay freight on the water content, which 
limits the distance between a refinery and a liquid 
sugar user. This problem has been met in two 
wgy^: First, some sugar manufacturers have estab- 
lished centers for the distribution of liquid sugars 
at places remote from the refinery. Granulated 
sugar is transported to the distribution center in a 
densely populated area and there dissolved in water 
and delivered to customers. Second, granulated 
sugar may be distributed to a customer in tank oars 
and dissojved in water after delivery. A minimum' 
water content, compatible with not too great a tend- 
ency to deposit crystals, exists yrhen the sucrose is 
about one-half inverted. Where invert sugar is ac- 
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oeptabie, il$ in the manufacture of breads this makes 
for economy, a water content of only 22% in the 
syrup being standard. 

It is the aim of the sugar refiner and the beet 
processor to eliminate color and all flavors other 
than sweetness. The manufacture of table syrups, 
which are widely used on waffles and pancakes, aims 
at a broader spectrum of flavor. Corn syrup, which 
is somewhat lacking in sweetness, ordinarily has 
about 15% sucrose added. The high viscosity of the 
corn syrup, resulting from the content of dextrins, 
tends to hinder crystallization, and is an advantage 
in the manufacture of certain candies. 

Some sugar refiners reduce the color of their mo* 
lasses and remove much of the characteristic strong 
flavor, thus producing an acceptable table syrup. 
Another source of table syrup is the juice of sor- 
ghum, which is expressed and concentrated by 
evaporation in open pans at atmospheric pressure. 
The product is dark and strongly flavored, and 
seems to be declining in production. 5ee Food tN- 
CINLhRrNG. Ih.B.H.] 

Bibliography: F. J. Bates, et al, Polarimetry, 
Sarcharimetry and the Sugars, U.S. Nat. Bur. 
Standards, Circ., 440, 1942; N. Deerr, The History 
of Sugar, vols. 1 and 2, 1949-50; P. Honig (ed.), 
Principles of Sugar Technology, 1953; 0. Lyle, 
Technology for Sugar Refinery Workers, 3d ed., 
1957. 

Sugar beet 

The sugar beet, Beta vulgaris, originated from the 
white Silesian beet which Franz Carl Achard de- 
veloped in 1799 from wild beets found m .Sicily and 



Fig. 1, A typical tugor beet, iUSOA) 


along the shores of the Mediterranean. The saair 
beet is an annual in southern latitudes and a hhgi 
nial in the north, where it stores sugar the first 
and produces seed the second (see ANnoi, 
plants; Biennial plants). The sugar beet U ^ 
enlarged root, white in color, that gradually dimki. 
ishes in diameter from crown to the tip (Fig. 
The first six inches of the tap root is free of saii 
roots, but below that there is an extensive system of 
laterals. See Root (botany). It has a short stem 
from which brilliant green, smooth leaves appear 
the oldest leaves on the outside. See Llap (bot 
any); Stem (botany). Each leaf has prominent 
veins and long petioles which broaden out at the 
base. The inflorescence is large and branched. See 
Flower (botany). The seed ball is a glomerule 
containing from one to many true seeds. See Seid 
(botany). 

Sugar beet seed is planted in rows and fertilized 
bimilarly to other cultivated crops. Harvesting takes 
place at 4-5 months of age by pulling the beets and 
cutting oil the tops {see Agricultural machin 
ery). The juice contains about 14% sugar. Sugar 
beets are produced mostly in the temperate zone of 
the Northern Hemisphere. 


World beet sugar production, 1956 


Western Europe 


7,154,000 tons 

France 

21 S% 


West Germany 

17 7% 


Italy 

14 5% 


United Kingdom 12 0% 


USSR (Europe and Asia) 


4,500,000 tons 

Eastern Europe 


2,856,000 tons 

United Staten and Canada 


2,119,000 tons 

Calirornici 

28 6% 


Colorado 

17 0% 


Idaho 

10 1% 


Other 


566,000 tons 


The 10-year average beet sugar production in 
the United States, 1947-1956, was 1,625,000 toi^ 
with an average farm value of $133,684,000. 

[l.D.bI 

Sugar beet diseases. Major diseases affecting 
the sugar beet in the United States are curlv top 
cercospora leaf spot, and black root. Epidemics of 
these may occur over wide areas when climatic con 
ditions favor their development and spread. Other 
diseases, such as rusts, mildews, root rots, bacterial 
and virus infections, although serious, arc more 
localized. See Bactlria; Fungi; Plant virus. 

Curly top. This virus disease occurs chiefly m 
sugar-beet-growing districts west of the Rock\ 
Mountains. Affected plants are dwarfed and have 
curled, upturned leaves. Susceptible varieties ma> 
fail almost completely because of curly top. The 
virus is transmitted by the beet leaf hopper, Cir 
culifer tenellus (see Leaf hopper). This insert 
overwinters on weeds that have invaded western 
range lands, such as Russian thistle, various mus 
tards, alfilaria, and Halogeton, Many of the^e 
weeds harbor the curly top virus. When range 
plants dry in the spring, virus-carrying insects 
move to irrigated fields, thereby starting the cycle 
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Fig. 2. Demonstration of curly top resistant varieties 
of sugar beets in idaho. (o) The susceptible European 
variety, Old Type; (b) the first curly top resistant vari- 
ety, U.S. 1; (c-f) various improvements up to the sec- 
ond release of U.S. 22. (From A. G. Norman, ed.. 
Advances in Agronomy, vol, 7, Academic Press, 1955) 

of curly top in sugar beets. Control of this disease, 
once a threat to the western beet sugar industry, 
has come from introduction of curly-top-resistant 
Ndiieiies bv the U.S. Department of Agriculture 
ihg 2). 

I t*af spot This disease, caused by the fungus 
((rrosponi hrttcola, may be serious m Colorado 
and Nebraska if rainfall throughout the growing 
'reason is above normal. The parasite is seed-borne; 
tarly spring infections develop on scatteied seed- 
lings If rainy periods are frequent, spores of the 
fungus from these primary foci spread and bring 
aboul new infections which, in turn, produce new 
crops of spores. Thus a leaf spot epidemic may de- 
velop bv mid- July from repeated sporulations and 
infections Blighted foliage of the sugar beet is re- 
placed b\ new leaf growth that is made at the ex- 
pense of root growth. Sugar storage in the roots is 
ledii ed Therefore, susceptible varieties produce 
luH yields of low quality roots that are unprofitable 
fur both the farmer and the factory. Leaf spot 
resistant varieties bred by the USDA control the 
disease. 

BImk toot. This is a general name given to the 
"♦•edling diseases that bring about serious losses 
in humid areas. Several soil-inhabiting fungi are 
responsible. One group known also as the cause of 
damping-off (stem rot near soil surface) of vege- 
idble crops, brings about, on poorly drained fields, 
<in acute disease of sugar beet seedlings whenever 
die spring season is wet. Treatment of seed with 
^ fungicide and improvement of soil conditions usu- 
'ontrol damping-off. The chronic black root 
•a'ised bv the water mold, Aphdnomyces cochlio- 
ii^es IS much more difficult to control. This fungus 
nut only causes damping-off, which may reduce the 
''tand, but also attacks the feeding roots of the 
''Ugar beet throughout the season, dwarfing affected 
plants. Seasonal conditions and degree of soil in- 


festation determine extent of loss from Aphmo- 
myces. Crops soefa as legumes increase the fungus 
infestation, whereas com exerts a sanitative effect. 
Proper cro# sequences and use of black-root-re- 
sistant varieties bred by the USDA have given good 
control. 

Virus yellows. This disease is extremely impor- 
tant in Europe and it threatens to be equally seri- 
ous in California and in the other sugar beet seed- 
producing districts of the United States. Various 
aphids are vectors of the virus {see Aphid). Ade- 
quate control measures are not known. See Sugar; 
Sugar cane. [c.h.co.] 

Bibliography. See Agricultural science 
(plant) ; Plant DISEASE. 

Sugar cane 

Sugar cane, Saccharum officinarum^ belongs to the 
grass family. The present commercial canes are 
hybrids from the so-called *‘noble canes” found in 
the gardens of New Guinea. They probably trace 
their ancestry to the wild species, Saccharum ro- 
bustum, localized in New Guinea. Another wild 
species, Saccharum spontaneiim, is widely distrib- 
uted throughout southeast Asia. 

Modern canes are the results of crosses primar- 
ily between one or more of these three species 
(Fig. 1). The chromosome number (2N) of S. of- 
ficinarum is 80; that of S. robusturn varies between 
60 and 148; that of S. spontaneum varies between 
48 and 128. Two other recognized species are S. 
sinense and S. Barberi. 

Structure. Every new variety of cane begins as a 
single shoot or culm coming from the germination 
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Fig. 1. A' field of moture/ irrigoted sugar cone in 
Hawoii, showing toiseling. 
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Fig. 2. The internal structure of a sugar cane inter- 
node. (After J. P. Martin) 


of a cane seed. See Stro (botany). The stalk is 
cylindrical, is divided into nodes and intei nodes, 
and has lateral buds and an apical bud. See Bud 
(botany); St^m (botany). At each node is 
found a leaf sheath attached to the stalk, alter- 
nately on opposite sides, and a root band which in- 
cludes several rows of root primordia and a bud 
located alternately on opposite sides. See Root 
(botany). The internodes (Fig. 2) are covered 
with wax and are filled with parenchvma or storage 
cells (pith) and the vascular bundles (see Pabln- 
chyma; Pith; Vasiuiar bundlvs). The leaf con- 
sists of a sheath, auricle, ligule, dewlap, and a 
blade which tapers gradually from the base to the 
tip and is supported by a midrib extending almost 
its entire length. The edges of the leaves of most 
varieties are serrate. See Leaf (botany). The in- 
florescence is a silky panicle bearing many small 
spikelets which are arranged in pairs on the 
branches. See Flower (botany). Each spikelet 
contains a bisexual flower with three anthers and 
a single ovary surmounted by two plumelike stig- 
mas. The flower primordium is differentiated under 
the influence of short days or long nights (see Pno- 

TOPERIODISM IN PLANTS). 

Reproduction. Cane is propagated asexually with 
cuttings giving rise to what is known as a stool of 
cane (Fig. 3) consisting of roots and both second- 
ary and primary stalks (see Reproduction, 


World eane ougir piediielion. 1956 (fliert tom) 

North America, including Central America, 


the Caribbean area and Hawaii 


Cuba 

6,250,000 tons 

Hawaii 

1,150,000 tons 


Mexico 

1,100,000 tons 


Puerto Rico 

1,100,000 tons 


Asia, including Philippines and Indonesia 


India 

2,577,000 tons 

Philippines 

1,210,000 tons 


South America 



Brazil 

2.697,000 

Africa, including adjoining islands 


Australia and Fiji 




plant). In most countries, the crop is started dur- 
ing the fall, winter, or spring months, and har- 
vested by cutting the stalks at the surface of the 
ground at 11-16 months of age. In Hawaii the crop 
periods range from about 24 months at lower ele 
vations to 30 months or more at elevations above 
2000 ft. After harvest the stool qi stubble develops 
new shoots and shoot roots and ^oduces a ratoon 
crop. A crop cycle generally includes one planted 
crop followed by 1-3 ratoons. The crop requires 
60 in. or more of annual rainfall or irrigation 
which is usually accomplished by planting thetanr 
in furrows. It is a high consumer of nitrogen, pho*. 
phorus. and potassium. In 1956, sugar cane ar 
counted for 61.8% of the world’s sugar. 



Fig. 3. (a) A stool of 8-inonth-old sugar cane In 
wall, (b) A sugar cane cutting showing new shoots <i« 
roots. 







Fig 4 Effect of ratoon stunting disease on sugar 
cone (a) Healthy plants, (b) Diseased plants. 


I he lO-year average cane-sugar production in 
the United States, 1947-1956, including Hawaii 
ind Puerto Rico, was about 2,715,000 tons with an 
inniial value of approximately $327,000,000. 

I L D.Il I 

Sugar cane diseases. Sugar rane is subjert to 
(loi 60 diseases, of which 9 have caused, or are 
I lining serious losses in susceptible vaiieties 
Disedses become of particular importance in sugar 
• diif liocaiise of (1 ) the use of the stalk (vegetative 
pari) for commercial (ilantings, a practice that 
'pre^ads disease into new plantings if the propaga- 
int* stalks are diseased; (2) the relatively small 
number of varieties grown in a country, which ex- 
poses laige areas to a disease if the dominant vari- 
ptv IS susceptible; and (3) the production of sev- 
pmI crops from one original planting, which mav 
in the accumulation of disease in a field. 
Ff'riimately, the distribution of each of the major 
diseases is not world-wide, and control of all the 
dhpases in any one country is not necessary. If not 
liroiight under eontrol, a major disease can cause 
losses as high as 50%. 

riie major diseases of sugar cane are caused hv 
viruses, bacteria, and fungi (see BACThRiA; Fungi, 
Hiant virus). Viruses cause mosaic, ratoon stunt- 
ing disease (Fig. 4), and Fiji disease. Gummosis 
and scald caused by bacteria, as well as red rot, 
‘'Oiut, downy mildew, and root rot caused by fungi, 
1 are important diseases of sugar cane. Except for 
^<>ot rot, all diseases are carried in the seed piece 
•‘item node), and arc spread in the field by insect 
I by mechanical means such as harvesting, 
by rain. 
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Resistant varieties provide the most satisfactory 
means for controlling disease. Such varieties are 
available for all important diseases except ratoon 
stunting. At present ratoon stunting disease is con- 
trolled by immersing cane in hot water at 50^C for 
3 hours before planting, or by hot air treatment at 
58-59® C for 8 hours. See Sugar; Sugar beet. 

fs.j.p.c.l 

Bibliography: See Agricultural science 

(plant) ; Plant dislase. 

Sugar crops 

All green iTops produce «iugar by photosynthesis. 
However, only a small number of plants store suffi- 
cient sugar to be of commercial Importance (see 
Photosynihesis; Plant metabolism). Sugar 
cane and sugar beets are the worId*s chief sugar 
crops, although sweet sorghums, sugar maples, and 
sugar palms have some economic significance. 

Sugar cane and the sugar palms are tropical 
plants, the formei being almost completely re- 
stricted by the 30° latitude line; sweet sorghums 
are confined primarily to southern United States; 
sugar beets are a temperate zone crop; maple 
sugar is found principally in northeastern United 
States and adjoining Canadian provinces. 

Palm sugar production is a village and forest in- 
dusfrv in the provinces of Bengal and Madras in 
India. The wild date and the palmyra, sago, and 
coconut palms constitute the most important spe- 
cies. Incisions are made in the trunk and each tree 
is tapped as often as 40 times over a period of 4 
months, yielding about 40 lb of sugar per tree. 

The maple sugar and syrup industry extends 
from Indiana to Nova Scotia; and Ontario 

Provinces in Canada and New York and Vermont 
in the United States have the largest production. 
The hard maple, /leer saccharum, accounts for 
759^ of the sugar and svrup, the soft and red ma- 
ples providing the other 259? of the production. 



legend 

e sugar beets • — origin of sugar cone 

• rr sugar cane M =- maple sugar and syrup area 

S > sorghum and cone syrup oreo 

World distribution of sugar crops, exclusive of sugar 
palms. {Front H. M. Leppard, eel., Goode's Series of 
Base Maps, Univ. Chicago Press, 7939) 
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The mp contains about 3% sucrose. From 2 to 3 lb 
of sugar ore mode per tree during the season be> 
ginning in early February and ending in April. See 
SoRGHtiu; Sucar; Sugar rest; Sugar cane. 

fL.D.B.J 

SuKa drugs 

A family of drugs of the sulfonamide type with 
marked ability to halt the growth of bacteria. 

With the discovery of the chemotherapeutic ac- 
tivity of the azo dye Prontosil a new therapeutic 


NHg 



era started. For the first time it was possible to 
cure, by treatment with synthetic chemicals, bac- 
teria] infections which were the causes of numer- 
ous deaths, such as pneumonia, meningitis, and 
septicemia. The active component of Prontosil is 
the colorless p-aminobenzenesulfanilamide moiety. 



formed in the body as the result of metabolic re- 
duction. About 50 of the many thousands of sul- 
fonamides synthesized have been marketed, of 
which about 20 are still in current use. 

Sulfapyridine, introduced in 1937 by L. Whitby, 



had highly increased antipneumococcal activity 
over previous sulfa drugs. Sulfathiazole, synthe- 

HjN SO 2 -NH 

sized in 1939 independently by various workers in 
America and Europe, and sulfadiazine, introduced 



by M. Finland and coworkers in 1941, were supe- 
rior to sulfapyridine. See Chlmothkrapy 

With sulfathiazole and sulfadiazine, the maxi- 
mum of antibacterial activity was achieved, ac- 
cording to P. H. Bell and R. 0. Roblin. They found 
within the group of sulfonamides a direct relation- 
ship between the electronegativity of the sulfur 
dioxide (SO 2 ) group and their bacteriostatic ac- 
tivity. 

Sulfapyridine replaced sulfanilamide because of 
its considerably greater activity, and sulfathiazole 
replaced sulfapyridine because it caused fewer 
side effects, especially with respect to kidney dam- 
age. Finally, the still-better-tolerated sulfadiazine 
took the place of sulfathiazole, at least in the 
United States. 


The therapeutic usefulness of a 

however, does not depend exclusively upon 
trinsic antibacterial activity. Numerous seconch'^ 
properties are important, such as solubility, ^ ^ 
cially of the metabolically formed eliminati^ 
products, acetylsulfonamides, favorable absorptio^ 
rates, high tissue concentration, accumulatioa 
and penetration into affected organs, duration of 
circulation in the blood stream, concentration m 
the urine, and low incidence of side effects. Sulfa 
guanidine, for instance, has become a useful intes 
tinal disinfectant because of its poor intestinal ab- 
sorption. Sulfisoxazole and sulfadimetine, on the 
other hand, are not only rapidly absorbed and read 
ily eliminated into the urine in effective concentra 
tions, but their acetylation products are highly sol 
ubie in the urine. Consequently, both of these 
sulfonamides are excellent urinary disinfectants 
Siilfamethoxypyridazine is very readily absorbed 
but slowly eliminated ; since a prolonged and even 
blood level is maintained, the daily dose neces(,ar\ 
for effective medication is coUgiderably reduced 
Activity and mode of action. The bacterial spec 
trum of sulfonamides comprises a wide variety of 
gram-positive and gram-negative bacteria, includ 
ing staphylococci, streptococci, meningucocci. and 
gonococci, as well as the gangrene, tetanus, roh 
dysentery, and cholera bacilli. They have onl\ 
slight activity against Mycobacterium tuberculosis 
while certain closely related sulfones are quite ac 
live against M. leprae. The relative potency of sul 
fonamides against the different microorganisms 
varies, and their action is bacteriostatic rathei than 
bactericidal. 

The in vitro and in vivo antibacterial effect h 
antagonized by p-aminobenzoic acid (PABA) and 
PABA-containing natural or synthetic prodmts ; 
such as folic acid and procaine. Accordingh lh» 
mode of action oH^ulfonamides is considered to bt | 
an antimetabolite activity, dependent upon the m | 
hibition of enzyme systems involving the essential | 
PABA. See BAaLLAtiY dysentfry; Choifba m 
brio; Gram’s stain; Leprosy; Meninc,o( 0((1‘' j 
STAPHYLOf orrus; SrREPToroct us; Teianis | 
Tiiber< ulosis. 

Side effects. The slightly soluble acetylated elim 
ination products of the earlier introduced suHon 
amides, such as sulfapyridine or sulfathiazole 
were eliminated in supersaturated solution ; m a 
number of* instances, massive crystallization w 
curred causing obstruction of the urinary trait 
particularly the kidneys, and uremic death. The*-® 
accidents are very rare with the newer sulfo" 
amides. 

The danger of massive crystallization in the un* 
nary tract can be reduced by the simultaneous 
ministration of three different sulfonamides, *' 
widely applied with triple sulfa preparations. Thf 

acetylated metabolites of the newer preparation^ 
such as sulfisoxazole and s«ftfo4f>netine, are ade 
quately soluble as such in tile urine. Cyanosij** 
frequent with sulfanilamide, is today only rare*' 
observed; agranulocytosis still occurs occasion 



ally. Sensitization reactions^ such as drug fever, 
drug contact dermatitis, are frequent, 

•fhe incidence of skin sensitization is strongly in- 
by the external use of sulfonamide oint- 
aients. Not rare is the development of photosensi- 
ti/iition after internal use of sulfonamides. 

Bacterial resistance. This has developed to all 
Icnown sulfonamides, and many sulfonamide re- 
sistant strains are encountered among the gram- 
positive and gram-negative bacteria. In 1939, al- 
most 100% of all cases of meningitis or gonorrhea, 
fnr in«*tance, responded to proper sulfonamide 
treatment, while 20 years later, the response was 
less than 50%. The emergence of resistance to sul- 
fonamides seems less rapid and less widespread 
than resistance against most antibiotics. See Gon- 
oRRHfcA; MtNiNcms. 

Sulfonamides are used today mostly as auxiliary 
drugs in combination with one of the generally 
more effective antibiotics. In certain infectious dis- 
(•ases. however, for instance, in meningococcal in- 
fertion«« and most infections of the urinary tract, 
sulfonamides deserve preference over antibiotics. 
Kpnewed interest in sulfonamides is due to the 
higher activity in the newer sulfonamides, the gen- 
(ralU low incidence of side effects, and the low cost 
of sulfonamide medication. See Antibacterial 
vGFNTs: Drug resistance. 

Hihlwfiiraphy: F. Hawking and T, S. Lawrence. 
lilt Sulfonamides^ 19.51; E. H. Norlhev, The Sul- 
\mnmidrb and Allied Compounds, Am. Chem. Soc. 
Monograph. 1948 ; 0. S. Whitelock (ed.). Second 
oriference on sulfonamides, Ann. NY. Arad. ScL, 
\11 521. 19.57. 

Sulfamate 

OigariK and inorganic derivatives of sulfamic ac id, 
\II sOjOH. The inorganic salts which contain the 
MLSOjO iun are all very soluble with the extep- 
iinn oi the basic mercury salt. 

I he sulfamate ion may be determined quaniita- 
U\e|\ hv measuring the volume of nitrogen liber- 
ilnl during the reaction 

NaM), -f NH 2 SO 2 OH NaHSO* + + HjO 

\minoniiim sulfamate is used to flameproof 
fdlirics and as a weed killer. Because of their high 
solubilities, the sulfamates of nickel, copper, and 
It'ad have been used in electroplating baths. 

Organic sulfamates which are useful are the 
‘vrlohexylsulfamates, which are sweetening agents, 
snd amine salts, which are used as softeners for 
paper and textiles. See Sulfamic acids. | e.e.wr.] 

Sulfamic acids 

^'ganosulfur compounds, RNHSO^H, that are or> 
game derivatives of sulfamic acid, H 2 NSO 3 H. 
Manv aliphatic examples are known, but free 
aromatic sulfamic acids, such as phenylsulfamic 
acid, are not stable, except in the form of salts. A 
I scries of stable 2-thiazolylsulfamic acids has been 
prepared, however, and their stabilities rational- 
Sodium 2-thiazoly]8ulfamate, like sodium 
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cyclohexylsulfamate, is very sweet and has no 
bitter aftertaste. The cyclohexylsulfamate salts 
are now widely used as sweetening agents. See Oa- 
GANOSULFUR compound; SACCHARIN. f N.K.] 

Sulfanilic acid 

An organic compound of the aromatic type that ’ 
contains both an amino group and a sulfonic acid 
group, and that is sometimes called p-aminoben- 
zenesulfonic acid. Its formula H 2 N — C 6 H 4 — SOsH 
is better written as an inner salt, 

HsN— C 6 H 4 — SO 2 

Synthesis consists of heating aniline sulfate to 
190®C until it rearranges. Sulfanilic acid crystal- 
lizes with one molecule of water, which it loses at 
lOO^’C. Diazotization of sulfanilic acids yields p-di- 
azobenzenesulfonate 

-O 3 S— CeH 4 — N^N 

the starting compound for numerous coupling reac- 
tions with phenols or tertiary amines to give azo 
dyes and acid-base indicators. For example, cou- 
pling with dimethylaniline yields methyl orange, 
p,p^-dimethylaminoazobenzenesiilfonic acid, 

(CHOaN CJh N— N CfiH.-SO^H 

One impoitant use is as a starting material for the 
preparation of many of the sulfa drugs. See Ant- 
LiNi< ; Organosui I UR (ompoitnd; SuLtA drugs; 
Sulfonic acid. fi-.B.c.J 

Sulfate 

A negative ion having the formula. SOr~, and 
derived from sulfuric acid, H^SOi. Because sulfuric 
arid contains two hvdrogens, both normal sulfates 
and bisulfates arc known. 

Of ibe normal sulfateb, most are quite soluble in 
water, with tbe exception of those of silver, mer- 
ciirv ( I) , lead, strontium, barium, and calcium. 

•Silfate is determined both qualitatively and 
quantitatively by precipitation as barium sulfate, 
BaSOi, wbicb is tbe most insoluble sulfate. 

Sodium sulfate is obtained as a by-product of the 
production of hydrochloric acid from salt. It is 
used in the manufacture of kraft paper, paper* 
board, and glass. See Sulfur; Sulfuric acid. 

L E.E.WR,] 

Sulfenyl chlorides 

A group of '«rganosulfur compounds, RSCI, that 
were obscure until a few years ago, but are now 
well known. They are highly reactive, but can gen- 
eralfy be synthesized and isolated. They undergo 
numerous reactions in which chlorine is displaced 
from sulfur by negative ions or bases, for example, 
cyanide ion, amines, ojefins, or acetylenes. The 
best-known examples are trichloromethanesulfenyl 
chloride, also called perchloromethyl mercaptan 
(PMM)^ CfsCSQ, made by controlled chlorination 
of carbon disulfide, and 2,4-dinitrobenzenesulfenyl 
chloride, (N 02 ) 2 CeH.sSCl, a versatile reagent. Re* 
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action of snlfenyl chlorides with amines gives sul- 
fenamideSf some of which are useful as rubber vul- 
canisation accelerators. See Mercaptan ; Orcano- 

SULFUR COMPOUND. [N.K.] 

Bibliography: N. Kharasch, The unique prop- 
erties of 2,4-dinitrobenzenesulfenyl chloride, /. 
Chem. Ed., 33:585-591, 1956. 

Sulfide 

A negative ion having the formula and derived 
from hydrogen sulfide or hydrosulfuric acid, H 2 S. 

Because hydrosulfuric is a dibasic acid, <«ulfides, 
M 2 S, and bisulfides. MHS, are formed. Although 
most of the metal sulfides are insoluble in water, 
they dissolve in acids with the evolution of HjS gas. 
This escaping gas will cause paper moistened with 
a solution of lead acetate to turn black, a test that 
can be used for the presence of sulfide ion in the 
original solution. 

The insoluble metal sulfides are used to separate 
and identify metal ions in qualitative analysis. 
Soluble sulfide solutions are very basic because of 
the tendency of the sulfide ions to accept a proton 
from water as follows: 

HiO + S- ^HS +OH 

See Sulfur. [e.e.wr.1 

Sulfide phase equilibria 

Sulfide ore deposits are the most important sources 
of numerous metals such as lead, zinc, copper, 
nickel, cobalt, and molybdenum. In addition, sulfide 
ores aNo provide substantial amounts of noble met- 
als such as platinum, gold, and silver, and of other 
industrially important elements such as cadmium, 
rhenium, and selenium. Although iron sulfides usu- 
ally are the most common minerals in such de- 
posits, most commercial iron is mined from iron 
oxide ores and most sulfur from elemental sulfur 
deposits. 


Mineral name Chemical formula 


Pyrite and marcasite 

FeSj 

Pyrrhotite 

Fei ,S 

Covellile 

CuS 

Digenite 

Cu,Ss 

Chalcocite 

CU2S 

Bornite 

CusFeS^ 

Chalcopyrite 

CuFeSj 

Cubanite 

CuFe2S3 

Galena 

PbS 

Sphalerite and wurtzite 

ZnS 

Metacinnabar and cinnabar 

HgS 

Argentite and acanthite 

AR2S 

Molylidenite 

MoS, 

Millerite 

Ni,_^ 

Vaesite 

NiS, 

Pentlandite 

(Fe,Ni)9S8 

Some of the more common 

sulfide minerals are 


listed above, together with their chemical formu- 
las. It is noted that the chemistry of the sulfides 
is rather simple inasmuch as most minerals involve 


only two major elements; some involve three anil 
few four. Understanding of the phase relationajJ 
tween these minerals is important both to 
geologist whose task it is to locate and exploit ^ 
deposits and to the metallurgist whose task it h 
extract the metals from the ores for industrial age 
In the following discussion sulfide phase equililif, 
will be dealt with from a geological point of view 

It should be noted in the list of sulfide minerals 
that the eight sulfides first listed may be plotted iq 
the ternary system copper-iron-sulfur. Similarly the 
first two minerals and the last three may be plotted 
in the ternary system iron-nickel-sulfur. Thus, b\ 
studying in detail the phase equilibria in two ter 
nary systems a great deal of information can be ob 
tained about many of the common sulfides occurring 
in ore deposits. However, before the ternary systems 
can be explored in a systematic way, the binary s>s 
terns bounding the ternaries have to be studied m 
detail. Similarly, it is necessary that the four 
bounding ternary systems are fully understood be 
fore a quaternary system can ba systematical!) m 
vestigated. Thus, it is seen that before a systematu 
study of, for example, the immensely important 
quaternary system copper-iron-nickel-sulfur (Cu 
Fe-Ni-S) can proceed, much preliminary informa 
tion IS required. The prerequisite data include com 
plete knowledge of the four ternary systems Cu 
Fe-S, Cu-Fe-Ni, Fe-Ni-S, and Cu-Ni-S. The phasi 
relations in these ternary systems in turn cannot 
be systematically studied before the six binary 
terns Fe-Cu, Fe-Ni, Cu-Ni, Fe-S. Cu-S, and 
have been thoroughly explored. 

The enormous differences in the vapor pres*.un‘« 
over the different phases occurring in sulfide 
terns add complications to the diagrammatic repn 
sentation. For instance, in the Fe-S «iystem tlif 
vapor pressure over pure iron is about 10 atm 
at 450°C, while ifiat over pure sulfur is a little 
more than 1 atm at the same temperature. A correct 
diagrammatic representation of the relations m 
such a system, therefore, requires coordinates for 
composition and temperature, as well as for prt^ 
sure. In a two-component system, such as the Fe'' 
system, this is feasible because only three roordi 
nates are necessary. However, in ternary (where 
such diagrams involve four-dimensional space) 
and in multicomponent systems, such a diagram 
matic representation is not possible. For this rea 
son it is customary to use composition and tem 
perature coordinates only for the diagranunatic 
representation of sulfide systems. It should be 
realized that the relations as shown in such dia 
grams in reality represent a proieclion from com 
position-temperature-pressure space onto a two 
dimensional composition-temperature plane or onto 
a three-dimensional prism, depending upon whether 
the system contains two or three components. 

Pyritc or pyrrhotite. or both, occur ubiqiiito*^‘**| 
not only in ore deposits but in nearly all « 
rocks as well. Of the binary systems mentioned 
above, therefore, the iron-sulfur system is of 



niportancc to the economic geologist. This system 
* been studied by more researchers and in more 
detail than any of the other binary sulfide systems, 
ybe pbee® relations in the Fe-S binary system are 
ghown in Fig. 1. It is noted that vapor coexists with 
all phases or phase assemblages. Therefore, this 
diagram (Fig. 1) does not include temperature- 
orebsure regions in the Fe-S system where vapor is 
not present. Since a vapor phase sometimes may be 
lacking during ore deposition, it is important that 
ihe temperature-pressure regions where vapor does 
not occur also are studied experimentally. Thus, a 
(omplete investigation of any sulfide system re- 
quires various experimental techniques which to- 
gether include the entire geologically important 
tfinperature-pressure regions. 

Experimental techniques. Because of the reac- 
tive nature of sulfur there is a very limited choice 
of material suitable for reaction containers within 
which to investigate sulfide systems. 

Rigid tubes. Pure silica glass does not measur- 
ably react with sulfur, at least not below 1100°C, 
and has, therefore, been used extensively for sam- 
pi* containers in sulfide research. It should be 
Hilled that since silica is a rigid material and since 
the ronfainors cannot be completely filled with the 



^apof. (From G. Kuihrud and H. S. Yoder, 1959) 
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sample, a vapor space will always be present. F9)r 
this reason, only the temperature-pressure regions 
in which vapor is a phase can be investigated by 
use of rigid sMica reaction vessels. 

Collapsible tubes. Sample containers, which col- 
lapse due to the application of an external pressure 
on the container walls, are used to investigate the 
temperature-pressure regions where a vapor is 
absent. Gold does not react with sulfur above ap- 
proximately 240^0. Gold tubing collapses easily un- 
der pressure and can be readily welded, and, 
therefore, has been used extensively for this type 
of experimentation. The pressure on the sample is 
essentially equal to the applied external pressure 
because the gold container collapses. Thus, there 
is no free space in the container and vapor can- 
not form as long as the externally applied pressure 
exceeds the vapor pressure which would exist over 
the sample in a rigid tube at any given tempera- 
ture. 

Reaction rates and quenching procedures. The 

rates of reaction between metals and sulfur to 
form sulfides, or among the various sulfides, depend 
primarily upon the temperatures, and secondarily 
upon the pressures, at which the experiments are 
being conducted. Thus, copper filings and sulfur in 
vacuum will react to form nonequilibrium films of 
covelHte, digenite, and chalcocite on copper filings 
in a few hours even at 25®C. However, free copper 
and sulfur are still present after 12 months at this 
temperature. The formation of copper sulfides at 
lOO^C, and under otherwise identical conditions, is 
much more rapid ; free copper or sulfur is not visi- 
ble after a few hours. At 400®C the copper sulfide 
formation takes place as a flash reaction. 

The reactions between nickel filings and sulfur 
to form the Ni^S 2 , NirSo, Nii .S, and NiiSi com- 
pounds are slower than those between copper and 
sulfur. Thus, for instance, no reaction is observed 
even after one month at 2S°C. After three days at 
lOO'^C a film of Nii rS coats the nickel filings. At 
5(K)®C Nil rS forms, and unreacted nickel and sul- 
fur cannot be observed after 1 hour. Formation of 
nickel-disulfide (NiS 2 ) from nickel and sulfur is 
a very slow process even at temperatures as high 
as 600°C. In such experiments Nii.j-S forms 
rapidly and is coated with NiS 2 , which shields the 
interior of the Nii.rS grains from the sulfur. 
Further reaction is very slow and is dependent 
upon the diffusion of sulfur through the disulfide 
shielding. On the other hand, NiSa will form very 
rapidly at temperatures above 300*’C if finely 
ground NiS and S are mixed before heating. For 
example, at 600^C NiS 2 forms and unreacted NiS 
or sulfur cannot be observed after 2 min. Very 
similar observations have been made for the for- 
mation of the monosulfide and disulfide of iron. 
FeS or Fei-rS at 500®C forms in a day from iron 
and sulfur. At 600^0 FeSa forms in less than 2 
min from mixtures of finely ground FeS and sul- 
fur, but requires several weeks to form from iron 
and sulfur at the same temperature. (Copper, 
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aickel, an4 iron filings of closely the same size 
were used to obtain comparable reaction rates.) 

The silica tabes are heated in horizontal or ver- 
tical furnaces controlled within sbl^C and wound 
in such a way that the temperature gradient over the 
length of the silica tubes (commonly about 1.5 in.) 
does not exceed 2^C even at 900^C. The tubes are 
quenched by being dropped in cold water and thus 
will reach room temperature in 3-5 sec. The vapor 
pressure in the rigid silica tubes falls during the 
quench at a rate dependent on the temperature and 
free space in the tube. Even at such a rapid rate 
it has not been possible to prevent many reactions, 
such as exBolutions and polymorphic transforma- 
tions, from taking place in certain sulfide systems 
during the quenching period. 

The gold tubes are heated in cold-seal pressure 
vessels, in Tuttle-type bombs, or in internally heated 
pressure vessels. In such experiments the pressure 
on the sample is fixed by applying a known exter- 
nal pressure on the gold tube wall by means of a 
gas such as argon or a liquid such as H^O. The 
collapsible tube^ in the cold-seal pressure vessels 
are quenched from 800®C in about 2 or 3 min by 
spraying the vessels with compressed air until the 
temperature falls below about 600°C and then with 
water until cold. The collapsible tubes in the Tuttle 
type pressure vessels are quenched from 800® C in 
about 45 sec bv spraying the vessels with com- 
pressed air and then water as described above The 
collapsible tubes in the internal Iv heated pressure 
vessel are quenched by turning off the furnace 
power. The pressure vessel is continuously cooled 
by water, so that from a run temperature of 800®C, 
room temperature is reached in about 30 sec after 
the furnace power is cut off. 

The pre'^siires in the cold-seal. Tuttle, and in- 
ternally heated pressure vessels are maintained 
constant during the quench. The rate of quenching 
of the sample in the various types of pressure ves- 
sels is much slower than the rate of quenching of 
the silica tubes, which are dropped swiftly into cold 
water. Because of these slower cooling rates 
quenching reactions are more commonly observed 
in the sulfides investigated by using pressure equip- 
ment than in the rapidly quenched sulfides syn- 
thesized in silica tubes. 

Identification of phases. The sulfides synthe- 
sized in silica tubes, as well as those produced in 
collapsible gold tubes, are usually identified at 
room temperature by various properties such as 
macroscopic colors, magnetic susceptibilities, and 
hardness, by optical properties in plain and polar- 
ized reflected light (polished sections), and by 
x-ray powder diffraction patterns. No one single 
method of those mentioned above is adequate to 
definitely identify all phases which may occur or to 
explain the relations between the phases. It is, 
therefore, imperative that all products from all ex- 
periments he investigated by means of x-ray pow- 
der diffraction patterns as well as by means of 
polished sections. See X-ray cowdlr method^: 
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short review of this kind, it is impossible to 
with all the geologically important sulfide systems 
For this reason the discussion will be confined to a 
few pertinent binary and ternary systems. 

Binary systems. The phase relations in the Fe-S 
system are shown in Fig. 1. (FesSa, FesSi, snd 
FcoSa, which are all suggested as phases in the 
literature, have been omitted from Fig. 1 because 
their stability fields, if any, are not known.) 
coexistence of vapor with all phases, or phase as 
semblages, demonstrates that the experiments were 
all conducted in rigid tubes where vapor was al 
ways present. Thus the pressure-temperature re 
gions where vapor is absent are lacking. Figure 1 
shows that pyrite melts incongruently at 743® C (c) 
At precisely that temperature four phases are m 
equilibrium: pyrrhotite, pyrite, liquid, and vapor 
According to the Phase Rule, four coexisting phases 
in a two-component system constitute an invariant 
condition, a condition satisfied at only one pressure 
and one temperature. The argopnents concerninf; 
invanancy, imivariancy, etc., are 5f vital importame 
to an understanding of sulfide systems in general 
and will therefore be discussed in some detail Tlie 
pressure or temperature can change from the in 
variant point only if one or more phases are ron 
sumed, and the system then becomes univariant or 
miiltivaridnt, resf>ectively. Four univariant ci]r\(.^ 
will originate from the invariant point, one for each 
possible three-phase assemblage. 

The stable assemblages along the univanani 
curves are as follows, the absent phase in each lasp 
being enclosed in parentheses; 


(Lupiid) pynle pyrrhotite f- vapor 
(Vapor) pyrite pyrrhotite + liquid 
(Pyiite) pyrrhotite + vapoi liquid 
(Pyrrhotite^ pyrite + vapor liquid 


The sequence of the curves about the invariant 
point may be deduced from the principles of (» ^ 
Morey and E D. Williamson and the Morp\ 
Schreinemaker’s coincidence theorem. The sloppy 
of the curves may be estimated from general conoid 
erations of the entropy and volume relations of the 
various phases. The curves so derived are shown in 
Fig. 2. The two-phase assemblages in the divanani 
regions between the univariant curves are dediupd | 
by considering the permissible phases which | 
account for all possible compositions in the t^io i 
component system. The “composition bar” insert ; 
in the divariant regions of Fig. 2 is a convenient , 
device for recoiding the possible assemblages for 
the complete range of bulk composition. 

The univariant curve along which vapor is ab 
sent, pyrite pyrrhotite -f liquid, is shown 
Fig, 3. (The reaction above the critical pressure of 
sulfur (118:1:31 bars) is by definition FeSa^ 
Fei xS-i- gas.) It was determined by experiment* 
in collapsible gold tubes. The reaction temperature 
rises at the rate of about 14®C/1000 bars (about 71 
bars/®C) . This curve is called the upper stability 
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(V) 



Fig 2 Univariant curves and divariant regions about 
invariant point c where pyrrhotite, pyrite, liquid and 
vapor are in equilibrium. (From G. Ku/lerud and H. S. 
Yoder, 1959) 

(urve of pyrite. The pressure at the incongruent 
mtlting point of pyrite (743°C) can he obtained 
1)\ extrapolation of any two of the curves shown in 
hg 2 to their point of intersection, the invariant 
fioint 

The ])>rile pyrrhotite + liquid iinivariant 
iiHVP (Fig. 3), as well as parts of the pyrite 
pvirhotite + vapor univariant turve, has been de- 
hrmined The latter curve has been studied from 
where the vapor pressure is 2 mm Hg to 
f)90 r where the pressure is 760 mm Hg. The pres- 
"iirpdt the point of intersection (743®C) of the two 
unuanant < urves was by extrapolation found to be 
almul 10 bars 

\pry similar relations are encountered in the 
(opper sulfur system by the breakdown of coveil ile 
(ligenile -I vapor, or, when vapor is absent, to 
‘ligenite and liquid (or gas) ; as well as by the de- 
“‘niposition of digenite to chalcocite and vapoi, or, 
when vapor is absent, to chalcocite and liquid (or 
gas) Incongruent melting of covellite takes place 
dt 507®C and at 925 mm Hg. At this invariant 
Pf>int the four phases, digenite, covellite, liquid, 

. and vapor, are stable. Of the four univariant curves 
1 <»npinating in this invariant point only two have 
been studied. The digenite, covellite, liquid (or 
i pas) uni variant curve (the upper stability curve of 
: covellite) has been found to go through 510®C at 
; 7500 psi, SIS^C at 15,000 psi, and 525®C at 30,000 
The digenite, covellite, vapor univariant curve 
hd') been determined from 400®C where the va- 
P«r pressure is 1.5 mm Hg to 490®C where the 
''dpor pressure is 510 mm Hg. Similarly at the 
incongruent melting point of digenite, invariancy 
represented by the four phases chalcocite, digen- 
liquid, and vapor. None of the four univariant 


curves originating in this invariant point has been 
determined. 

Ternary systems. The copper-iron-sulfur system 
is bounded on^two sides by the two binary systems 
discussed above. It is not only theoretically mnd 
economically very important, but probably is also 
the most complicated of the ternary systems con- 
taining sulfides of common occurrence in ore de- 
posits. Parts of the system have been studied by 
H. E. Merwin and R. H. Lombard in 1937; 
H. Schlegel and A. Schiiller in 1952; and by J. W. 
Greig, E. Jensen, and Merwin in 1955. In the first 
of these studies digenite, CuoSa, was not reported 
as a phase. (The mineral digenite strongly resem- 
bles chalcocite in polished sections and was there- 
fore not recognized as a phase by Merwin and 
Lombard.) The second investigation did not cover 
the digenite part of the system, and the third study 
took place at temperatures where digenite is not 
stable. The phase diagram presented by Merwin 
and Lombard is shown in Fig. 4. Since digenite 
does not appear as a phase in this diagram, the 
phase relations as shown in Fig. 4 are not entirely 
correct. 

The ternary phases are CuBFeS 4 (bornite), 
Cur,FeSe (idaite), CuFeS^i (chalcopyrite), 
Cu<FeiS«, and CuFezS^i (cubanite). The com- 
pound Cu'iFeiSo might be synonymous with the 
mineral valleriite. 

In Fig. 4 the areas containing one condensed 
phase are marked with heavy vertical lines, except 



Fig. 3. The upper stability curve of pyrite is the unt- 
variant curve for the reaction FeS 2 Fe^ ,S + 1. The 
curve originates at point c, 743^C ond about 10 bars. 
(From 6 . Kv^rud and H. S. Yodor, 1959) 





Fi9* 4. Phase relations in the copper-iron-sutfur sys- 
tem. (From H. E. Morwin and R» H. Lombard, The sys- 
tem, Cu-Fe-5i, fcon. Geo/, vo/. 32, 2d suppl., 1937) 


the CusFeSo area, which is marked by a hori- 
zontal line extending a short distance toward CiiS. 
At the pressure and temperatures for which the dia- 
gram is drawn, chalcocite and bornite form a com- 
plete solid solution series. The intermediate field 
shows solid solution from c^ubanite to a point 
almost half way between chalcopyrite and bornite. 
Chalcopyrite is commonly regarded as CuFeS;>, but 
is in reality a sulfur-deficient compound. For this 
reason CuFeSa is plotted outside the intermediate 
solid solution field. The third field containing only 
one condensed phase is the pyrrhotite field, which 
appears to the right in Fig. 4. Of the fields contain- 
ing two condensed phases, eight are marked with 
horizontal lines and the CuS-CuRFeSo and CuS- 
FeSa fields are shown by tie lines. The five clear 
areas in the diagram, labeled with temperatures, 
represent fields where three condensed phases are 
present. All phases or phase assemblages in Fig. 4 
are in equilibrium with vapor. Thus, the three con- 
densed phases in clear areas, which are in equilib- 
rium with vapor, form univariant assemblages. 

The Fe-Ni-S system, bounded on two sides by the 
Fe-S and Ni-S systems, is also of great theoretical 
and economic importance. This system has been 
studied in much leas detail than the Cu-Fe-S system. 
The minerals involved in this system are pyrite and 
pyrrhotite on the Fe-S side; vaesite (NiS 2 ), poly- 
dymite (NiaSi), millerite (Nii>,S), and heazle- 
woodite (NiiiS^i) on the Ni-S side; as well as the 
ternary compounds violarite (NiaFeSi) and pent- 
landite (Fe,Ni) 9 S((. Most of the world’s prcKluction 
of nickel comes from pentlandite, a mineral which 
almost without exception occurs intimately inter- 
grown with pyrrhotite in ore deposits. Systematic 
studies designed to gain an understanding of the 
pyrrhotite-pentlandite relations at various tempera- 
tures and pressures are progressing at the C^- 
physical Laboratory, Carnegie Institution of Wash- 
ington. 


In the ternary system Fe-Zn-S, the minerals n 
rhotite and pyrite occur along the Fe-S bound 
and the mineral sphalerite (ZnS) occurs along 
Zn-S boundary. (ZnS has at least two polymornh . 
sphalerite being stable below 1020®C and wuit 
being stable above 1020®C.) This system is 
tant because the minerals sphalerite, pyrrhotit*^ 
and pyrite are of common occurrence in sulfide n*’ 
deposits and because of the solid solutions thes 
minerals form. Thus in numerous ore deposits 
sphalerite and pyrrhotite occur together, ma ^ 
carry sphalerite and pyrite, and in some depoaiti 
sphalerite and pyrrhotite as well as pyrite are 
found in coexistence. Although no ternary com- 
pounds, structurally different from those occur- 
ring along the binary joins, are known in the 
tern, the studies of the solid solutions which extend 
appreciably into the ternary field have been ver) 
rewarding. Thus the results of a systematic experi- 
mental study of the extent of solid solution be- 
tween FeS and ZnS at various temperatures and 
pressures have been used extensiv^y in geological 
thermometry. These experiments showed that a) 
though the amount of ZnS which will dissolve in 
FeS is insignificant at all geologically important 
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Fig. 5. The FeS-ZnS equilibrium diagram. All pho*** 
or phase assemblages are in equilibrium with vap®'- 
(From G. Kullerud, The FeS-ZnS system; a 
thermometer, Norsk Geo/. Tidsikr., 32.*6I-Td47, 1^ 



SaMoMtloii 2SI 


^^mpcraturest the solubility of FcS in ZnS is ap- 

i%r^jable« 

The FeS-ZnS system is shown in Fig, 5 . The sob 
vup curve GL relates the composition of the (Fe,- 
2n |S mix-crystals when formed in equilibrium with 
FeS to the temperatures which existed when the 
^.jx-crystals were formed. Similarly the composi- 
tion of (Fe,Zn)S mix-crystals formed in equilib- 
rium with FeS in ore bodies does, by application of 
the (^b solvus curve, indicate the temperature at 
which the crystals were deposited, provided no 
change took place in the mix-crystals after their 
formation. Since pyrrhotite in nature is iron defi- 
(ient (Fei rS, not FeS), the pyrrhotite-sphalerite 
,oin b not strictly binary. However, the FeS-ZnS 
solvus and the Fei_a^S-ZnS solvus are found by ex- 
pciiinents to coincide within the limits of error of 
experimentation, at least below 600 ®C. 

The concentrations of elements in solid solutions 
vary s>moothly as functions primarily of tempera- 
iiire and secondarily of pressure. Under certain 
conditions such mix-crystals may serve as reliable 
geological thermometers. For a discussion of solid- 
volution sulfide thermometers, as well as the many 

sterns under exploration and the conditions un- 
clei which such phase relations may be applied to 
natural deposits, see Geological thehmometry. 

[g.k.] 

Sulfinic acid 

One of a group of organosiilfur compounds. 
IlSOjII. that possess one less oxygen than sulfonic 
adds, urid are easily oxidized to the latter. In con- 
trast to <%tilfonir acids, sulfinic acids undergo self- 
(pxidution-reduction ( dismutation ) 

2 RSO,H RSOaH + fRSOHl 

The compound in brackets is a reactive nonisulable 
intermediate, a sulfenic acid, which decomposes in 
various ways, including reaction with RSO2H, to 
give RSO2SR (a thiolsiilfonate ester). Because of 
instabilities, sulfinic acids are often prepared and 
Used as salts such as sodium p-toliienesulfinate. 

Vromatic sulfinic acids are better known and 
mote stable than those of the aliphatic series. Only 
one free aliphatic sulfinic acid, 1-dodecanesulfinic 
dv’id. C1.JH25SO2H, has been prepared in crystal- 
line form. 1 , 4 -ButanedisuIfinic acid has been re- 
ported as uniquely stable and readily prepared. 

Sulfinic acid salts are used in organic synthesis, 
as additives to electroplating baths, as redox poly- 
merization catalysts, and as reducing agents. Ron- 
P^dite, H0CH2S02Na, is an important commercial 
rt’during agent. See Orcanosulfur compound; 
PoLYM F.KIZ ATION. [N .K.] 

Sulfite 

A negative ion having the formula and 

derived from the unstable sulfurous acid, H2SO3. 

Because the sulfur in the sulfite ion has a 4 + 
<>xidation state, it will undergo oxidation to the 
sulfate ion or reduction to free sulfur or to the 
'“•fideion. 


The sulfite ion can be identified by the fact that 
SOa gas is liberated when solutions are acidified. 

2 H^ + SOa*- ;?± [H2SO3] HgO + SO2 

Because sulfurous acid is dibasic, two series of 
salts, the normal M2 SOa and acid MHSOa. are 
formed. 

Most of these salts, with the exception of the 
alkali metal and ammonium salts, are only slightly 
soluble. Sodium sulfite is used in dyeing and 
bleaching and as a preservative; other sulfites are 
used extensively in the manufacture of certain 
types of paper. See Sulfur. [ e.e.wr.1 

Sulfonamide 

One of a group of organosulfur compounds, 
RSO2NH2, that are readily prepared by the reac- 
tion of sulfonyl chlorides and ammonia 

RSO2CI + 2NH3 RSO2NH2 + NHjCl 

There is great interest in these substances because 
of the therapeutic sulfa drugs, but they are also of 
chemical value. The Hinsherg procedure of or- 
ganic analysis converts amines to sulfonamides 
with p-toluenesulfonyl chloride as the reagent. A 
primary amine is distinguishable from a second- 
ary amine because the resultant sulfonamide 
(RNHSOo-p-tolyl ) from the primary amine still 
has an acidic H atom attached to nitrogen, and 
hence, is s<»Iuble in aqueous alkali, whereas 
RoN-SOj-p-tolyl is not soluble. See Amine; Or- 

GANOSULUJR COMPOUND; Sui.FA DRUGS; SULFONYL 
LIILORIDE. fN.K.l 

Sulfonation 

A rlieniical reaction in which a sulfonic acid group 
(— SO3H) is introduced into the structure of a 
moleculfi or ion in place of a hydrogen atom. 

Sulfonation of aromatic compounds is the most 
important type of sulfonation. This is accomplished 
by t»eating the aromatic compound with sulfuric 
acid, usually containing sulfur trioxide (solutions 
of SO'{ in sulfuric acid are called oleum, or fuming 
sulfuric acid) . 



iS-Naphthalene- 
Bulfonic acid 

This is an electrophilic aromatic substitution reac- 
tion; the effective electrophilic reagent is believed 
to be the SO3 molecule. Tfie product of sulfonation 
is a sulfonic acid. [J.P.B.] 

. INDUSTRIAL ASPECTS 

Sulfonation may also be defined as any chemical 
process by which the sulfonic' acid group, 



WII IPilMliUll 

-‘^-SQsOH, or the corresponding salt or snlfonyl 
halide group (for example, — SO 2 CI) is introduci^ 
into an organic compound. These groups may be 
bonded* to either a carbon or a nitrogen atom. The 
latter compounds are designated /V-sulfonates or 
sulfamates. 

Sulfation involves the attachment of the 
— OSOsOH group to carbon, yielding an acid sul- 
fate (ROSO 2 OH) , or of the — SO4 — group between 
two carbons, forming the sulfate (ROSO 2 OR) . 

UsM of aulfenatot and aulfataa. Millions of 
tons of sulfonates are manufactured annually. Most 
sulfonates are employed as such in acid or salt 
form for applications where the strongly polar 
hydrophilic — SO 2 OH group confers needed prop- 
erties on a comparatively hydrophobic nonpolar 
organic molecule. Some sulfonates, such as meth- 
ane- and toluenesulfonic acids, are used as cata- 
lysts. A relatively large number of sulfonates are 
marketed in salt form but used in acid form ; such 
compounds include dyes, mothproofing agents, and 
synthetic tanning agents. In these cases, the salts 
are applied in acid medium, thereby permitting the 
free T-SO 2 OH group of the organic molecule to be- 
come attached to the textile fiber or leather. The 
major quantity of sulfonates and sulfates is both 
marketed and used in salt form. This category in- 
cludes detergents, emulsifying, demulsifying, wet- 
ting, and solubilizing agents, lubricant additives, 
and rust inhibitors. 

Aromatic sulfonyl chlorides ( — R0S02Cn are 
useful for preparing sulfonamides (including sulfa 
drugs, dyes, tanning agents, plasticizers, and the 
sweetening agent saccharin) . 

Sulfonates and sulfates are employed for the 
preparation of organic compounds devoid of sulfur. 
Thus phenol, resorcinol, and naphthols are obtained 
by the caustic fusion of the parent sulfonates, 
whereas ethanol and isopropanol are obtained by 
the hydrolysis of sulfated alkenes, for example, 
ethyl hydrogen sulfate. 

Sulfonating and sulfating agents. The principal 
agents are as follows: (1) sulfur trioxide and com- 
pounds: (a) sulfur trioxide, oleum (H 2 SO 4 + 
SOa), and concentrated sulfuric acid (SOa + wa- 
ter) ; (6) chlorosulfonic acid (SOa + HCl); (r) 
sulfur trioxide adducts with organic compounds 
(SOa + dioxane) ; (d) sulfamic acid; and (2) the 
sulfur dioxide group: (a) sulfurous acid and metal 
sulfites; (6) sulfur dioxide with chlorine or oxy- 
gen. 

Sulfur trioxide, oleum, and concentrated sulfuric 
acid are considered together because of their close 
physical relationship and because they can, in cer- 
tain cases, be used interchangeably. This group ac- 
counts for the preponderant production of aromatic 
sulfonates. 

Sulfur trioxide is theoretically the most efficient 
sulfonating and sulfating agent, because only direct 
addition is involved. 

RH + SO*-,RSOsH ■'* 


ROH + SO,-»ROSO,H 

However, sulfur trioxide combines with water ami 
aromatic compounds with the evoluticm of so mu k 
heat that its activity must be moderated. For th* 
reason, the hydrates of SOs (oleum and sulfurT 
acid) are generally used. Here, SOa is the txutjl 
active species, the water functioning only as a com. 
plexing agent and a solvent. An increase in the wa- 
ter content lowers the activity of the reagent for 
sulfonation; the reaction rate is inversely proper, 
tional to the square of the water concentration 
When the SO3 concentration in the suUonatinir 
agent has been reduced to a critical level, which de- 
pends upon the organic compound being treated 
sulfonation stops. The critical concentrations (r 
values) for the monosulfonation of naphthalene, 
benzene, and nitrobenzene are approximately 52 ^ 
64, and 82% SO3. 

Catalysts. The addition of certain chemicals, 
usually in small amounts, can have a marked inilu. 
ence on some sulfonations. The di^dition of mer- 
cury changes the orientation in a number of aro- 
matic sulfonations. This is of great importance in 
the preparation of nr-anthraquinone sulfonates. In 
the absence of mercury compounds, the j9-Hulfo 
nates are obtained exclusively. About 1% mercury, 
as metal or salt equivalent, based on anthraquinone 
used is required. Mercury also affects the orienta- 
tion in the sulfonation of benzoic acid, phthali< 
anhydride, and nitrobenzene. In these reactions thr 
quantity of mercury needed is high, and the influ- 
ence on orientation is only partial. 

Aromatic sulfonation, like nitration and halo 
genation, is a typical electrophilic substitution re 
action. Sulfonation, however, differs from these 
other reactions in two respects; it is reversible, and 
in certain cases (for example, in the sulfonation of 
naphthalenes) tempcAtiire has an important infin 
ence on the position of the entering group. 

Equipment. Cast iron is resistant to the action of 
sulfuric acid in the range 75-100% in strength over 
a fairly wide temperature range and has been d 
standard material of construction for sulfonation 
kettles for many years especially for numerous dve 
intermediates and for aromatic hydrocarbons 
However, it has poor tensile strength and is ror 
roded by oleum or sulfur trioxide. This fault ma> 
be controlled in oleum sulfonations by adding acid 
slowly to the material being sulfonated to keep the 
acid concentration below the corrosive level. 

The use of lined steel vessels combines low cosf 
and high strength with good corrosion resistance 
Commonly used linings include glass, enamel, Icad- 
and type 316 stainless steel. 

Continuous operations involving special equip* 
roent arc advantageous only where the reaction rate 
is fast and where the volume of production (as 
benzenesulfonic acid and dodecylbenzene 9ulf<)* 
nate) is large and relatively steady. See OrcaNO* 
SULFUR compound; Substitution reaction; 

PROCESSES. fp.H-Cl 



SuHone (antimicrobial use) 

group of chemical compounds is used in the 
patmcni of leprosy and tuberculosis. In 1937 » in- 
*^^tisfltors in England and France showed inde- 
'^^denily 4 , 4 '-diaminodiphenyl 8 ulfone, or 

noS was very effective in curing streptococcal in- 
{ lions in mice. Although this compound was 
flH s>ntheHi/ed in 1908 , it was examined as a pos- 
mble rhemotherapeutic agent only when it was 
found as an impurity in the manufacture of sulfa- 
nilamide While DDS is 100 times more potent than 



4,4'-Diammodiphenylsulfone (DDS) 


siilfanilamide against Streptororem pyogenes in 
niue It IS considerably more toxic; and when it 
H m first used in man for the treatment of acute 
4iepto(0(.< al infection, it had to be discontinued 
lK(diise of the severe hemolytic anemia which de- 
« loped Attempts were made to produce less toxic 
il(*iivatives and a number of analogs with substitu- 
Piih on the ammo groups were synthesized. 
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In 1940 , DDS was found to be active against 
*uheriulo9is in rabbits and promin was shown to be 
‘‘Hettive in guinea pigs infected with human tuber- 
'It* bacilli. In man, however, promin had disap^ 
Ptxnting antitubercnlar activity. It was probably 
'ne reports of its antitubercnlar activity in animals 
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that prompted its trial in 1941 in the treatment of 
leprosy. This marked the begmning of die moat 
significant advftnce yet made in the treatment of 
leprosy. DDS is now the most generally used sol- 
fone in leprosy and is the most effective treatment 
for this disease. There is strong evidence to show 
that, in the body, all the disubstituted derivatives 
of DDS mentioned above are converted to the par- 
ent substance. See Chemotherapy; Leprosy; Tu- 
berculosis. [H.J.C.] 

Sulfone (chemical) 

One of a group of organosulfur compounds, 
RS02R^ that are well-known, stable, and generally 
crystalline substances. Sulfones are best prepared 
by the oxidation of sulfides, and also by the reac- 
tion of sulfonyl chlorides (RSO2CI) with aromatic 
compounds in the presence of Friedel-Crafts cata* 
lysts, or by reaction of sodium sulfinates and alkyl 
bromides. Sulfones resist further oxidation, but can 
be reduced, under special conditions, to sulfides. In 
the presence of Raney nickel, with absorbed hy- 
drogen, RSO2R' is reduced to RH + R'H through 
a carbon-sulfur bond-scission process. Pyrolysis of 
sulfones frequently involves elimination of sulfur 
dioxide in a synthetically useful way. For example, 
alkenyl aryl sulfones smoothly yield alkenes. The 
sulfone group exerts a strong inductive eflfect and 
increases the acidity of a-hydrogen atoms. In 
(CHiSOj) 4CH, the acidity becomes very high. The 
— SO2 — group also deactivates the benzene ring to 
attack by electrophilic reagents. Numerous practi- 
cal uses have been claimed for variously substi- 
tuted sulfones in recent years See Organic rfac- 
TioN mfchanism; Organosulfur compound; 
Suludf; Sulfoxide. [n k.] 

Sulfonic acid 

One of a group of organosulfur compounds, 

0 

T 

R— S— OH 
i 
0 

that are exemplified by methanesuHonic acid, 
CH4SO4H, and benzenesulfonic acid, CoHsSOiH. 
They are strongly acidic; water soluble, nonvola- 
tile, and hygroscopic, and they do not act as oxi- 
dizing agents. The aliphatic sulfonic acids are 
made by oxidizlag mercaptans or disulfides (RSH 
or RSSR ) . Methane sulfonic acid has been recom- 
mende^^for catalyzing esterifications, hydrolyses, 
and alkylations. The acid is available commercially 
as a by-product from petroleum refining. Other ali- 
phatic sulfonic acids are also known but have not 
been as extensively studied as the aromatic com- 
pounds. lO-Camphorsulfonic acid, derived from 
camphor, is well known, and certain substituted 
aliphatic sulfonic acids such as HOCH^CHaSOaH, 
ethionic acid, and NH2CHaCHsSOsH, taurine, are 
of special interest, industrially andjiiiochemically. 
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Hydroxy acids, such as HOCH 2 CH 2 CH 2 SO 3 H, 
form sultoncs analogous to the lactones of hydroxy- 
substituted carboxylic acids. Fatty acid esters of 
ethionic acid and amides of taurine find use as sur- 
face-active agents. 

Aromatic sulfonic acids are made by sulfonation 
of aromatic compounds. Sulfuric acid, fuming sul- 
furic acid (H 2 SO 4 + SOO, chlorosulfonic acid 
(ClSOjH), or sulfur trioxide may be used to in- 
troduce the sulfonic acid group. Aromatic sulfonic 
acids and their derivatives are important industrial 
chemicals. Of special value is their use as deter- 
gents, for example, sodium dodecylbenzenesulfo- 
nate. Sulfonated polymers act as cation-exchange 
resins and sulfonamide derivatives are valuable 
pharmaceuticals. The — SO^iH group lends water 
solubility to many substances, hence increases 
their usefulness. This application is particularly 
used in the manufacture of dyes and in some indi- 
cators, for example, Congo red or methyl orange. 

Aromatic sulfonic acids also have applications 
as emulsifying agents, lubricating-oil additives, 
and rust inhibitors. 

In synthesis, the SO^H group can be replaced by 
Br or NO 2 groups by treating wilh bromine or 
nitric acid. The sodium salts, ArS 04 Na% yield 
phenols by fusing with alkali, and acidifying the 
melt. On fusion with sodium cyanide, they also 
yield nitriles, 

ArSOjNa + NaCN ArCN + Na.SO^ 

Sulfonation of aromatic hydrocaibons is a re- 
versible process. Hence, treatment of ArSO^H with 
supeiheated steam removes the — SOiH group and 
is useful in purifying and separating aromatic hy- 
drocarbons. The greatest utility of sulfonic ai ids as 
synthetic intermediates lies in their conversion to 
sulfony] chlorides, which have a broad and useful 
reactivity. .Sec Orcanosui fur compound; Sac- 
charin; SuLioNAMiDt; Sul>onation; Suiionyl 

CHLORIDL ; SULl- URIC ACID {s KHAUASC li] 

Sulfonyl chloride 

One of a group of organosulfur compounds, 
RSOjCl, that are useful intermediates for synthe- 
sis and analysis. They can be prepared by reactions 
of sulfonic acids, or their salts, with phosphorus 
chlorides, or by oxidative chlorination of thiols or 
disulfides. The synthetic value lies in reductions to 
sulfinic acids, disulfides, or thiols, and in many dis- 
placement reactions of the chloride group: with 
amines, to sulfonamides; with thiols, to thiolsul- 
fonate esters; with aromatic hydrocarbons, to sul- 
fones (Friedel-Crafts reaction); with fluoride ion, 
to sulfonyl fluorides: and with alcohols, to sulfo- 
nate esters. p-Toluenesulfonyl chloride (tosyl chlo- 
ride) and p-nitrophenylazobenzenesulfonyl chlo- 
ride are often used for making derivatives in 
qualitative organic analysis. The characteristic 
melting points of the products identify the un- 
known amine, alcohol, or thiol. See Amine;* Or- 
CANOSULFUR COMPOUND. | N. KHARASCH] 


Sulfoxide 

One of a group of organosulfur compounds 

O 

T 

R— S— R 

produced by controlled oxidation of organic . i 
fides (thioethers). The best-known example ig ] 
methyl sulfoxide. If R and R' are different, thj 
sulfoxide can exist in two optically active form, 
Thus, the >SO bond is not a double bond (as m 
>C=0), berause this would require a plaaar 
structure for sulfoxides. A pyramidal structure 
with a dipolar > O" bond, is assumed. Sulfoxjde, 
are not as well known as sulfones, but an extensu. 
(hemistry of the sulfoxide group is building up 
See Optical acuvity; Orlanositliur compouso 
SULHINF (CHIMKAL). fN. KHARASCH] 

Sulfur 

Chemical element number 16, 'sulfur, S, has a 
rhemical atomic weight of 32.066. The known 
stable isotopes and approximate per cent abui, 
dances in natural sulfur are S’-, (95.1%); S’ 
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(0 74^/): (4.29f); ( 0 0169? ). The el. 

ment was dibcuvered prior to recorded hi'’*tor\ 
Its elemental charafter was fiist recognized 1»\ 
A L, Lavoisier in 1777. 

THE ELEMENT 

Natural occurrence. The abundance of sulfur 
in the earth’s crust is 0.01-0 19^ . It is often found 
as the free element near volcanic regions (impure 
deposits) in Japan, Sicily, and Mexico. Other de 
posits are located in New Zealand, Chile, Ru^^sia 
Iceland, and Spain. The laigest known free sulfur 
deposits by far are in Texas and Louisiana and are 
associated with limestone and anhydrite caproc^ 
formations over salt domes. Other noteivorthy de 
posits occur in California, Colorado, Wyoming 
Nevada, Utah, Mexico, and South America. Com 
bined sulfur exists primarily in sulfates and 
fides such as calcium sulfate dihydrate (gyp»“*” 
CaS 04 * 2 H 20 ), barium sulfate (barite, BaS0i» 
magnesium sulfate heptahydrate (epsom wl*- 
MgS 0 r 7 H 20 ), sodium sulfate decahydrate 
ber’s salt, Na 2 S 04 ‘ 10 H 20 ) (the last two usual!' 


r in mineral springs), strontium sulfate (cel- 
SrSOi), lead sulfide (galena, PbS), zinc 
(zinc blende, ZnS), copper iron disulfide 
j^halcopyrite, CuFeSz), iron disulfide (iron py- 
rites, Fe&)> and mercury sulfide (cinnabar, HgS). 
It also occurs in mineral springs as hydrogen sulfide 
and is found in plants and animals as a 
constituent of such substances as eggs, mustard, 
rlic, cabbage, horseradish, wool, and hair. It is 
found in organic materials such as coal and 
troleiim, and has even been found in meteorites. 
Preparation of the element. The extraction of 
.ulfur is usually carried out by any of three meth- 
ods. The most important is the Frasch process, 
developed in 1891 by Herman Frasch. Of lesser 
importance are the Sicilian method and a variation 
the Claus method. 

The Frasch process is used to extract sulfur from 
deposits such as those in Texas and Louisiana. It 
lon^'ists of boring a hole from the ground surface 
lo the sulfur-bearing calcite deposit and lowering 
three pipes, concentrically arranged, to the ore bed 
(Fig. 1). Superheated water (165®C) is forced 
down the largest (6-in.) pipe into the ore bed 
where it melts the sulfur (melting point 112.8®C). 
(lompressed hot air is pumped down the smallest 
tl in. I pipe, and a frothy mixture of molten sulfur, 
water, and air is forced to the surface through the 
intermediate (3-in.) pi[)e. As it comes from the 
well, the sulfur has a purity of 99.5-99.9% and 
contains virtually no arsenic, selenium, or tellu- 
rium. 

The Sicilian method consists of piling the sulfur- 
hearing rock into large mounds called ralraroni, 
which are ignited at the top. The heat of combus- 
tion of the sulfur in the ore causes underlying 
layers of sulfur to melt; this molten sulfur is 
poured into molds and is allowed to solidify. It 
often takes several months for a mound to be de- 
pleted, and only about 60% of the sulfur pre.sent 
in the original mound is recovered, because a large 
part of it is used as fuel during the melting process. 
This sulfur is impure and is usually refined by 
fli‘'tillalion. When the sulfur vapor is allowed to 
solidify directly on the walls of large masonry 
'■haiiihers, it is called flowers of sulfur because of 
the (lowerlike designs in which it deposits. If the 
chambers are kept above the melting point of .sul- 
fur, the vapors condense to liquid sulfur, which is 
allowed to solidify in wooden molds. This form of 
the element is called roll sulfur. 

Variations of the Claus method are sometimes 
to obtain sulfur from gaseous hydrogen sul- 
(H'jS), a by-product in the manufacture of 
.substances. It is based on the partial oxida- 
tion of the gas by oxygen in the air to give water 
nod sulfur, according to the equation : 

FetOs 

2H2S + 02-»2H20 + 2S 

ofttalyftt 

Sulfur is also obtained as a by-product of many 
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industrial processes by using coke or HzS to re- 
duce sulfur dioxide in flue gases: 

SO 2 + C - ■ CO 2 + S 

2 H 2 S-FS 02 - 2H2O + 3S 

Propertius of the ulumunt. The allotropes (dif- 
ferent crystalline forms) of sulfur have been 
studied intensively, but, as yet, the many modifica- 
tions which exist for every state (gas, liquid, and 
solid) of elemental sulfur are not fully understood. 

Rhombic sulfur. Rhombic sulfur, also called brim- 
stone and alpha-sulfur (or-sulfur), is the stable 
modification of the element below 95.5® C (the 
transition point), and most of the other forms re- 
vert to this modification if allowed to stand below 
this temperature. The melting point of rhombic 
sulfur depends on the method of heating the sub- 
stance and on the nature of the liquid sulfur with 
which it is in equilibrium. If rhombic sulfur is 
heated very slowly, it will convert to the mono- 
clinic form, and the melting point obtained will be 
that for the monoclinic variety. If the heating rate 
is increased somewhat, rhombic sulfur should 
ideally come into equilibrium with liquid sulfur 
only in the lambda form (A-siilfur), and the melt- 
ing point is 112.8®C. If the heating is rapid, the 
rhombic sulfur crystallizes from a melt in which 
A-suIfur and mii-.sulfur (/i.-vsulfur) are in equilib- 
rium at 110®C. Rhombic sulfur is lemon-yellow, is 
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Fig. 1 . Schematic diagram of the Frasch process for 
mining sulfur. 
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imoltible in wnter, slightly soluble in ethyl alcohol, 
diethyl ether, and benzene, and very soluble in car- 
bon ^sulfide. Its density is 2.06 g/cm'*, and its 
hardness is 2.5 on the Mohs scale. Its molecular 
formula is Sst and its molecular configuration is a 
ring of eight covalently bonded sulfur atoms in 
the shape of a puckered crown, with bond distances 
of 2.12 A (A » angstrom unit » 10 ^ cm) and 
bond angles of 105^ (Fig. 2). 

Monoclinir sulfur. Monoclinic sulfur, also called 
prismatic sulfur and beta-sulfur (/9-sulfur), is the 
stable modification of the element above the transi- 
tion temperature and below the melting point. It 
crystallizes from molten sulfur in needlelike prisms 
which are almost colorless. It has a density of 1.96 
g/cm^ and a melting point of 119.3°C. Its molecu- 
lar configuration is also an 8-atom puckered crown 
structure, and this form is also soluble in carbon 
disulfide and insoluble in water. 

Plastic sulfur. Plastic sulfur, also called gamma- 
sulfur (y-sulfur). is formed when molten sulfur at 
or near its normal boiling point is quenched to the 
solid state ( such as by pouring it into cold watei ) . 
This form of sulfur is amorphous and is only par- 
tially soluble in carbon disulfide. It is thought to be 
composed of two types of sulfur: A.-sulfur (Sx, 
soluble in CSi») and /i-sulfur (S^. insoluble in CS.»). 
These forms probably exist in liquid sulfur also, 
because plastic sulfur appears to be only the super- 
cooled liquid. After long standing at room tem- 
perature, this form of sulfur reverts to the rhombic 
form. Plastic sulfur exists as long zigzag chains of 
sulfur atoms, and if it is strongly stretched, it be 
haves like rubber because the zigzag chains are 
oriented in straight lines, and the material becomes 
fibrous and rigid. 

Purple sulfur. Purple sulfur is formed bv the 
sudden cooling of sulfur vapor at an elevated tem- 
perature (where the sulfur exists as Sa) to 
— 195®C. This purple modification is believed to be 
composed of Sj units. It is unstable and reverts to 
yellow sulfur upon being warmed to room tempera- 
ture. 

lAquid sulfur. Liquid sulfur exhibits the remark- 
able property of increasing in viscosity as its tem- 
perature is raised. Its color becomes dark reddish- 
black as its viscosity increases and both color 
darkening and viscosity reach a maximum at 200^ C. 
Above this temperature, the color lightens and the 
viscosity diminishes. It is thought that at the melt- 
ing point, liquid sulfur is largely Sv (Sh rings, yel- 
low). and that as the temperature increases, the 
percentage of (polymeric sulfur chains, reddish- 
black) also increases. At 200'*C, there is thought 
to be a maximum of the highly polymeric sulfur 



Fig. 2. The structure of the $8 molecule. 


chains which can intertwine to give 
absorption and viscosity. Above this tem^J****^ 
the chains break, are reduced in length, and 
viscosity decreases with increasing temperatto 
There is also believed to be another form of $u|i^ 
in solid and molten sulfur called pi-sulfur (S,)^ 
but it has not been so extensively studied as tii^ 
forms already mentioned, and little is known about 
it. A form of sulfur called rho-sulfur (S^), believed 
to be Sfi, has been reported as being obtained b\ 
the extraction of acidified aqueous sodium tbio 
sulfate solution with toluene. Little is known of 
this form of sulfur, however. 

Gaseous sulfur. At the normal boiling point of 
the element (444.60^0 gaseous sulfur is orange, 
yellow in c-olor. As the temperature is raised, the 
color becomes deep red and then becomes lighter 
until at 650"C, it is straw-yellow. Several molecular 
species are in equilibrium in gaseous sulfur: Sv 
Si„ Si, and S^, the proportions varying with the 
temperature. At the normal boilh^ point, the vapor 
is largely Sk; at 750®C, it is largely S 2 ; abo^e 
2000'^C, it is largely dissociated into sulfur atoms 

Other forms. Milk of sulfur is a suspension of 
finely divided, amorphous sulfur in water, obtained 
by the decomposition of polysulfide solutions with 
arid. It is soluble in carbon disulfide. Colloidal 
sulfur, also called delta-sulfur (8-sulfur), is a c«l 
loidal dispersion of sulfur in water produced by tht 
a<*tion of gaseous hydrogen sulfide on cold, (on 
centrated aqueous solutions of sulfur dioxide, or 
by decomposing sodium thiosulfate with dilute Mil 
fiiric acid. It dissolves quite slowly in carbon 
disulfide. 

Chemical properties and uses. Sulfur is an ac 
live element which combines directly with most of 
the known elements. It ran exist in both positnr 
and negative oxidafion states, and can form lonn 
as well as covalent and coordinate covalent com 
pounds. 

The uses of sulfur are limited primarily to the 
manufacture of sulfur compounds. However, larjje 
quantities of elemental sulfur are used in the vnl 
canization of rubber, in lime-sulfur sprays to de 
stroy plant parasites, in the manufacture of arti 
ficial fertilizer and certain types of cements and 
electric insulators, in certain ointments and medi« 
inals, and in the manufacture of gunpowder and 
matches. Sulfur compounds are used in the manu 
farture of chemicals, textiles, soaps, fertili7er’‘ 
leather, plastics, refrigerants, bleaching agent'* 
drugs, dyes, paints, paper, and many other prod 

UC’ts. 

A test for the detection of elemental sulfur 
the formation of a red solution when sulfur db 
solves in piperidine. All of the important allotropir 
forms show this behavior. 

PRINCIPAL COMPOUNDS 

Sulfides. Hydrogen sulfide (H 2 S) is the 
important compound containing only hydrogen and 
sulfur. Hydrogen disulfide (persulfide. HsSs)* 
drogen polysulfide (H 2 Sr» x =* 3-9) and their 



been reported, but are far leas well char- 
Hydrogen sulfide can be pre- 
cd from the elements at elevated temperatures, 

I ithough it is nsually prepared by allowing a sul- 
fide. •’Ufh as sulfide, FeS, to be decomposed at 
oom temperature by an acid such as hydrochloric 
^cid It i'^ a colorless gas having a foul odor (simi- 
lar to that of rotten eggs) and is considerably more 
o^onou^ than carbon monoxide, but warning of 
Hh pre^^ence (odor) is usually given before its 
oncentration in the atmosphere is considered 
dangerous. Its density is 1.S392 g/liter at 0°C; 
n, piling point, — 85.5®C; normal boiling point, 
^,04®C It IS soluble in water, ethyl alcohol, car- 
lK)n tetrachloride, and carbon disulfide. It burns in 
exiess oxygen to form water and sulfur dioxide, in 
defitirnt oxygen to form water and free sulfur. The 
jids reacts directly with many metals to form the 
rorrcRponding sulfides and with many nonmetals 
to form free sulfur. It is generally regarded as a 
irood reducing agent. In water it behaves as a very 
weak acid ( hydrosulfuric acid). It is used as a 
pret ipitating agent for many metal ions having 
insoluble or slightly soluble sulfides, and as a re> 
diKing agent (for example, in the preparation of 
hvdrogen iodide from H 2 S and iodine). Hydrogen 
sulfide ran be determined analytic ally by absorbing 
the ga *9 in an ammoniacal solution of zinc chloride 
ind titrating with a standard iodine solution. 

H\drogcn disulfide (persulfide) is a colorless 
li(|uid having a melting point of ~89°C and a 
normal boiling point of 71 "C It is miscible with 
( ulmii disulfide, diethyl ether, and benzene, and is 
dei (imposed by water, acids, bases, and alcohol 
'sulfur dissolves in it to form hydrogen polysiilfides 
ha\ing properties similar to those of the disulfide 
\i*tal sulfides Metal sulfides can be classified 
into three categories: acid sulfides (hydrosulfides, 
MHS where M = a univalent metal ion), normal 
Miltidrs (MjS), and polysulfides (MjSO- The acid 
Hilhdes are soluble in water. Those normal sulfides 
whiili aie soluble undergo hydrolysis in water to 
lii\p the arid sulfide and usually hydrogen sulfide as 
wf'll I he ease of hydrolysis of the soluble sulfides 
in( teases as the oxidation state of the metal ion in- 
(reases Most of the heavy metal sulfides are only 
'm slightly soluble in water and are precipitated 
lu hvdrogen sulfide or ammonium sulfide. Metal 
sulfides and normal sulfides are usually pre- 
pared by reaction of the metal salt or hydroxide 
hydrogen sulfide or ammonium sulfide, by 
rediution of the metal sulfates with hot carbon, or 
direct combination of the metal with hot sulfur. 
The alkali and alkaline-earth sulfides are colorless, 
'vhereas, the heavy metal sulfides are usyally deeply 
’olcired The soluble sulfides are used as reducing 
^g^nts and in the preparation of sulfur-containing 
as depilatory materials and pesticides, and in 
^ne tanning of leather and the preparation of phos- 
phors 

Polysulfides are formed by the reaction of free 
sulfur with solutions of alkali metal sulfides. The 
intensity of the color of polysulfides generally in- 
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creases with increasing uptake of sulfur. Metal 
disulfides and polysulfides (for example, K 2 S*; 
X “ 2-6) undetgo hydrolysis to a much smaller 
extent than normal sulfides and are decomposed by 
acids, usually with the deposition of free sulfur: 

K 2 S 2 + 2HC1 2Ka + H 2 S + S 

Polysulfides are used in analytical determinations 
of several metal ions. Organic derivatives of poly- 
sulfides such as dimethyl trisulfide, (CH 8 ) 2 S 8 , are 
known. 

Other bulfidcs. Carbon-sulfur compounds and 
compounds containing the carbon-sulfur bond are 
well known. In addition to those previously de- 
scribed, some important compounds are: carbon 
disulfide, CS^, a liquid which has a normal boiling 
point of 46.2®C and a melting point of — 111.6®C, 
and which is an excellent solvent for elemental sul- 
fur and phosphorus; carbon monosulfide, CS, an 
unstable gas formed by passing an electric dis- 
charge through carbon disulfide; and carbon oxy- 
sulfide, SCO, formed from carbon monoxide and 
free sulfur at an elevated temperature, having a 
normal boiling point of — 50.2®C and a freezing 
point of 

Nitrogen-sulfur compounds which have been 
characterized are sulfur nitride, N 1 S 4 (also called 
tetranitrogen tetrasiilfide), nitrogen disulfide, NS 2 , 
and nitrogen pentasulfide, NiS*?. They should prop- 
erly be referred to as nitrides because of the 
greater electronegativity of nitrogen, although in 
the literatuie they are usually called sulfides 

Sulfut nitiide is the best ehararterized of these. 
It is a yellow-to-red crystalline material which 
melts at about 178°C and sublimes at reduced pres- 
sures and elevated temperatures. It is soluble in 
carbon disulfide, hen/ene, ethanol, liquid ammonia, 
and carbon letrachloiide and reacts with water to 
form ammonium, sulfite, and pentathionate ions 
and free sulfur. It also reacts with chlorine to form 
N 4 SiClt It has the rradlelike stnicture of arsenic 
sulfide, As|Si, (realgar) with sulfur atoms in the 
arsenic positions and nitrogen atoms in the sulfur 
positions (Fig 3). It can he prepared by the reac- 
tion of sulfur with liquid ammonia at or above 
~11.5°C: 

lOS -h 16 NHi-».N,S, + 6 (NH 4 ) 2 S 

The other nitiogen sulfides are of lesser importance. 

Phosphorus-sulfur compounds which have been 
characterized are P|S^, P^So, P4S7, and P4S10. Their 
structures are not known with certainty, except 
for P4S10, which has a structure analogous to that 
of PiOio. All four are yellow crystalline materials 
that are soluble in carbon disulfide. They are used 
in converting organic oxygen compounds (for 
example, alcohols) into the corresponding sulfur 
analogs. P 4 S 10 is used in the preparation of flota- 
tion agents for concentrating sulfide ores. p 4 Si is 
used in the manufacture of matches. The com- 
pounds can 4>e prepared from the elements. Phoe* 
phorus oxysulfide, P 4 S 4 O 6 , is a colorless compound 
which melts at about 102^C and has a norma] boil- 
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Fig. 3. Tho structure of realgar. As ( 84 . This has a 
cradle structure in the vapor state, with two arsenic 
otoms above and two below the plane of the four 
sulfur atoms. Interatomic distances: As — S » 2.23 A, 
As — As « 2.49 A; bond angles: As— S — As = 101°, 
S— As— S « 93°. 

ing point of 29S°C. It is soluble in carbon disulfide 
and benzene and is prepared by a reaction between 
PiSin and P|Oif) at elevated temperatures. 

Oxidog. The oxides of sulfur which have been 
characterized have the formulas SO, SjOh. .SOj, 
SOh, S 2 O 7 , and SO 4 . Sulfur dioxide (SO 2 ) and 
sulfur trioxide (SOh) are of far greater importance 
than the others. Sulfur monoxide (SO) can be 
prepared by passing an electric discharge through 
a mixture of sulfur vapor and sulfur dioxide at low 
temperatures. It is a gas at ordinary temperatures 
and produces an orange-red deposit when < ooled 
to the temperature of liquid air. The gas is stable 
only at reduced pressures, is probably dimeric, and 
is soluble in thionyl chloride. The solid is probabh 
a long-chain polymer. Sulfur sesqiiioxide (S^Oj) 
is a blue-green solid which is stable only below 
15°C. It is prepared by a reaction of free sulfur 
with excess liquid sulfur trioxide, and it reacts 
with water to pnidiice free sulfur, sulfuroiis, sul- 
furic, and several thionic acids. It appears to be a 
high polymer, although its structure is not known 
as vet. Sulfur heptoxide (SjOt) is a poorly char- 
acterized material which can be prepared by pass- 
ing sulfur dioxide or sulfur trioxide and oxygen 
or ozone through an electric discharge. Its struc- 
ture is not known, although it is believed that a 
peroxide group (- -0 0 — ) must exist in the com- 
pound. Sulfur tetroxide (SOi) is prepared b\ pass- 
ing a mixture of sulfur dioxide and excess o\>gcn 
at reduced pressure through a glow discharge. The 
product is a w^hite solid melting at 3°C (with de- 
composition) and is a monomer. It is a strong 
oxidizing agent, and its structure has not vet been 
proved, although there is little doubt that the mole- 
cule contains a peroxide group. 

Sulfur dioxide. Sulfur dioxide ( SO 2 ) is a color- 
less gas with a pungent odor, melting at — 75.46°C. 
and boiling at — 10.02°C. It has an angular struc- 
ture, the bond angle (0— S -0) being 119® and 
the sulfur-oxygen bond distances being 1.43 A. 
Sulfur dioxide can act as an oxidizing agent (for 
example, toward hydrogen sulfide, hydrogen, and 
carbon monoxide) and as a reducing agent (for 
example, toward permanganate ion ) . It reacts with 


water giving an acidic solution (often called sul 
furous acid) and bisulfite (HS0.s ) and suliit^ 
(SOd ~) ions. The equilibrium constant (Ig^q 
for the dissociation to the acid sulfite (HSO;) | 

1.6 X 10'- and for the dissociation of the aejj 
sulfite to sulfite it is 1.0 X 10“" at the same teis. 
perature. At low temperatures, sulfur dioxide form^ 
solvates with metal fluorides, iodides, and thio 
cyanates (NaI*4S02). The dioxide is used as a 
refrigerant gas because of the ease with which n 
is liquefied and because of its relatively high beat 
of vaporization. It is also used as a disinfectant 
and preservative because of its germicidal proper 
ties. It also finds use as a bleaching agent and m 
the refining of petroleum products. Its major use 
however, is in the manufacture of sulfur trioxide 
and sulfuric acid. 

Because it is readily liquefied, sulfur dioxide is 
also used as a solvent. It is waterlike in many of it^ 
properties (dielectric constant = 13.5 at 15°Ci 
and it frequently behaves as weakly dissociated 
thionyl sulfite, (SO)SOh. Liquid 4^1fur dioxide js 
partially miscible with water and also forms (rvs. 
talline hydrates with it (for example. SO^-HjO) 
it is completely miscible with benzene. Bec^ause 
liquid sulfur dioxide is not a reducing agent, oxida 
tion reactions such as halogenations can be earned 
out in it. The sulfites of metal ions whose hydrox 
ides are amphoteric in water (for example, Al*"l 
are amphoteric in liquid sulfur dioxide 

Sulfur dioxide is usually prepared by burning 
sulfur or roasting metallic sulfides in air or oxygen 
by the reaction of metals such as copper with 
concentrated sulfuric acid at elevated tempera 
tures, 01 by the reac tion between a sulfite (Na 
SO*?) or acid sulfite (NaHSOJ and a strong add 
(H 2 SO,). 

Sulfur trioxide. SuUur trioxide (SOj) exists in 
several forms, and tireir relationships are ^till not 
completely understood. Gamma-sulfur tnoxide 
(y-SOt) IS trimeric and resembles ite in appeal 
ance. Its ecfuilibrium melting point is 16.8®C. and 
it can be prepared by condensing extremely drN 
sulfur trioxide vapor at --80®C. Beta-sulfur tri 
oxide (j8-SO») is an asbestoslike polymeric ‘•ub 
stance in which the SO., groups are linked in long 
chains. Its equilibrium melting point is 32.5 "C 
It is prepared in a manner similar to the o Unm 
using ordinary sulfur trioxide (which contain*' 
some moisture); The condensation yields a mixture 
of the P and y forms, and the y form is removed b\ 
distillation. Alpha-sulfur trioxide (a-SOj) i‘» abo 
an asbestoslike solid which is similar to the p form 
except that the SOj chains are also joined in 
layer type of structure. Its equilibrium melting 
point is 62.3°C. and it can he formed by condensing 
gaseous sulfur trioxide at liquid air temperature*' 
The y and P forms are metaatable with respect to . 
the a form, and conversion to the a form is cata ; 
lyzed by traces of moisture. However, this convft* 
sion to a polymer is inhibited by sulfur, telhiriuin 
carbon tetrachloride. oxyinchlo* 

ride, which are used ^ l^ijipihercially availabw 
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l^jjjjed forms of sulfur trioxide called Sulfans. 
' the ol****^ literature, the y and a forms are called 
"anJ y< respectively. Liquid sulfur trioxide ap- 
"arf"*fy system between 

''onomcric and trimeric sulfur trioxide. It has a 
normal boiling point of 44.5®C. Gaseous sulfur tri- 
oxide is a monomer, and its structure is a planar 
pilateral triangle with the sulfur at the center. 
ThfO-S— 0 bond angles are 120® and the .S— 0 
lK,nd lengths are 1.43 A. 

fhemirallys sulfur trioxide is extremely reactive, 
fhf 7 form is the most reactive, and the a form the 
least. All forms react with water with the libera- 
, of heat to produce sulfuric acid. The reaction 
mfh hulfurir acid, HgSOi, to form pyrosiilfuric 
arid. HjS'jOt (also called fuming sulfuric acid and 
olfijm). is less violent. Sulfur trioxide is a power- 
hil oxidizing agent and will liberate halogens from 
halides (except fluorides) and will produce carbon 
or Milfonic acids upon reaction with organic ma- 
lerials. It reacts directly with basic metal oxides to 
form ‘sulfates and with hydrogen chloride to form 
(hlorosiilfonir acid, HSOiCl. It is decomposed at 
high temperatuies to sulfur dioxide and oxygen. 

Sulfur trioxide is usually picpared hv the cata- 
h i( oxidation of sulfur dioxide at 400-665°C. 
\anadium pentoxide the eataivst most often 
ii^cd although plalinuin metal, the sulfates of 
iii(kel and cobalt, and the oxides of iron, tungsten, 
inol\bderuim, and chromium can also be used, 
small quantities of sulfur trioxide are prepared hv 
llif tlieinial decomposition of certain metal sul- 
laus siiih as ferric sulfate or of pyrosulfates such 
is ‘^odium pvrosulfale. NaoS-jO?. The trioxide is 
dKo prepared by the reaction between sulfur diox- 
idr and o/one, Oi, at room temperature and by 
the leaetion between nitric oxide and sulfur diox- 
ide dl high pressures and room temperature: 

2N0 + 2S02-^2S0i + N> 

'Sulfur trioxide is used primarily in the prepara- 
tiuM of sulfuric and sulfonic acids, 

Oxy acids of sulfur. Although salts (or esters) 

'd all the oxy acids are known, in many cases the 
free acids themselves have not been isolated be- 
cause of their instability. The table summarizes 
materials. 

acid. Best characterized as the co- 
l>alt(II), or cobaltous, salt, sulfoxylic acid precipi- 
idtes as a brown solid upon treatment of sodium 
loposiilfite solution (NaaS-iO*) with cobalt (II) 

' tate and aqueous ammonia : 

CoS,0, + 2NH., + H20-^ C 0 SO 2 + (NH 4 ) 2 SO.i 

diethyl ester (CoHr-O-S-O— C gHs, boil- 
I*'? point 117®C at 733 mm Hg) is a colorleswS 
which is not miscible with water. The sulf- 
‘•^ylates are extremely susceptible to oxidation. 

“yposulfurous acid. Hyposulfurous acid may be 
P^j^pared in aqueous solution hv the reduction of 
furous acid solution with amalgamated zinc, but 
® elution is unstable. The material behaves as a 
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Name and formula Probable structure 
Sulfoxylic acid, HO— S — OH 

0 

HyppsulfurouB acid HO— S Oil 
(dithionous, hy- I 

drosulfurous), 6 

H 28204 


Kuown 

forma 


Salta, 

esters 


Acid, 

salts 


Sulfiirous acid, 
iliSOs 


0 


HO- 




>H 


Acid, 

salts, 

esters 


Thiosulfuroiis acid. 

iio-s— OH 

Esters 

H2S2O2 

0 0 

Pyrosulfurnus acid, 

iio-i— li— on 

Suits 


A 

0 

Sulfuric acid, H2SO4 

HO— L OH 

A 

0 0 

HO ii— o-i oil 

Acid, 

salts, 

esters 

Pyrosulfuric acid, 

Acid, 

IlsStOr 

A A 

0 

sails 

Thiosiilfiiric acid, 

HO- S-OH 

Salts 

HjSjOi 

0 0 

Di( bionic aciil, 

HO S— S— OH 

Acid, 

HjSiO. 

A A 

0 0 

salts 

Polyt bionic acids 
(Iri-, letra-, 
pen la-, bfxn-^, 
lluS^Oe (j -3 6 ) 

HO— ^(S), 2 -S— OH 

A A 

Salts 

(tentative) 

0 

1 


Pcpoxyujonosulfuric 

H— 0— 0 -S-OH 

Acid, 

aj id, IljSOi, 

1 

0 

0 0 

HO A-o-(>- 4 i-OH 

salts 

Peroxydisulfuric 

Acid, 

acid, ]l2S2()g 

A A 

salts 

Sul fen ic acids, 

HO-S- B 

Esters, 

nSOIl (R * alkyl 
or aryl Kroup 

Hucb as CHa) 

0 

1 

balid(‘s 

Sulfinic acids, 

HO — 0 — R 

Acids, 

RiS(|jH 

0 

1 

eaters, 

halides 

Sulfonic acids, 

HO-i-R 

Acids, 

RSOaH 

A 

esters, 

halides^ 

amides 

« 

0 


ThioBulfonic acids. 

1 

H— S-S—R 

Salts, 

RS2O2H 

A . 

^ esters 



strong acid (for the first hydrogen), and the solu- 
tion is a good reducing medium. Hyposulfites 
(dithionites or hydrosulfites) are more stable as 
dry solids than as the acid solution. They are also 
strong reducing agents, and can be prepared by 
reduction of the corresponding metal bisulfite solu- 
tion with zinc dust, by electrolytic reduction of the 
sulfite, or by treatment of an active metal amalgam 
such as sodium amalgam with dry sulfur dioxide. 
Metal hyposulfites are used primarily as reducing 
agents in the dye industry. 

Sulfurous acid. Sulfurous acid is not actually 
known as a pure substance, although the hydrate 
SOa'TH'iO can be crystallized from concentrated 
aqueous solutions of sulfur dioxide at low temper- 
atures. Aqueous solutions of sulfur dioxide con- 
tain primarily hydrated protons, bisulfite ions 
(HSOa ), and a much smaller concentration of 
sulfite ions (SO 3 ). They are strongly reducing, 
and can be oxidized to sulfate and dithionate. 
Such solutions can also behave as oxidizing agents 
in the presence of strong reductants, such as io- 
dide ion and zinc. Both normal sulfites (Na 2 SOs) 
and acid (hydrogen) sulfites (NaHSO^O are well 
known. 

The structure of the sulfite ion is pyramidal, with 
one atom at each corner. Of the normal sulfites, 
only the alkali metal salts are appreciably soluble, 
although many metal bisulfites (arid sulfites) are 
soluble. Both normal and acid sulfites are iisiiallv 
prepared by treatment of the corresponding car- 
bonate or hydroxide with appropriate quantities of 
sulfur dioxide, and they both liberate sulfur dioxide 
on treatment with excess acid. Solutions of sulfites 
dissolve free sulfur to form thiosulfates. Bisulfite*^ 
can form addition compounds with many organic 
compounds. The sulfite ion forms coordination com- 
pounds with metal ions, for example, 

Na,rCo(SOO.] 

as well as esters, such as (CHtO) 2 SO (normal boil- 
ing point 121 .S‘’C), which are good alkylating 
agents. Sulfites are used extensively as reducing 
agents, as addition agents to organic compounds, 
and in the manufacture of paper from wood. 

Thiosulfurous acid. Thiosulfurous acid is known 
only in the form of its salts, and even these are not 
very well characterized. They can be formed by the 
action of a dry sodium alkylate such as NaOCH:) 
on sulfur monochloride (S 2 C 12 ) in ligroin solution. 
The boiling point of the dimethyl compound is 
d3^C at 15 mm Hg, and of the diethyl compound, 
67^C at 16 mm Hg. A typical structure postulated 
for these esters is (for the dimethyl ester) 
HaC — O — S — S — 0 — CHa. These substances are 
stable toward oxidation by atmospheric oxygen and 
are hydrolyzed by strong bases to give thiosulfates 
and sulfur. 

Pyrosulfurous acid. Pyrosulfurous acid is known 
only in the form of pyrosulfites, which are usually 
prepared from aqueous solutions of alkali mMal 
sulfites and sulfur dioxide or by heating alkali 
metal acid sulfites. The sodium salt is used pri- 


marily in the dye, printing, and photographic u. 
dustries. 

Sulfuric acid. This is a colorless, viscous linuju 
whose melting point is 10.31®C. When this liqay 
is heated, it gives off sulfur trioxide and beging 
boil at 290® C. However, the normal boiling 
increases until it reaches 317®C, at which point 
the acid is 98.54% H 2 SO 4 . Gaseous H 2 SO 4 begins 
to dissociate into sulfur trioxide and water vapor 
at about 300®C, the dissociation being 50% com- 
plete at 350®C, and essentially complete at 444 '»f 
The acid forms the hydrates H 2 S 04 ’H 20 (melting 
point, 8.47®C), H 2 S 04 - 2 H 20 (mp, ■~39.46®C), and 
H 2 S 0 i* 4 H 20 (mp, — 28.25®C). The structure of 
the H 2 SO 1 molecule is a tetrahedron with a sulfur 
atom at the center and two OH groups and t^o 
oxygen atoms at the corners. The sulfur-oxygen 
bond distances are 1.51 A. The density of lOO^^ 
H 2 SOt is 1.8384 g/ml at 15®C. The acid dissociatev 
essentially completely in water to give a hydrated 
proton and the acid sulfate (bisulfate) ion. The 
biflulfate ion dissociates to a large' degree in dilute 
aqueous solution (pKj = 1.7 at 25°C) to give the 
normal sulfate anion and another hydrated proton 

The preparation of sulfuric acid is usually car 
ried out by the contact process. A far less impor- 
tant process today is the lead-chamber process be 
cause this procedure gives relatively dilute and 
(60 78%;) which has limited usefulness, whereas 
the contact process can give acid of any desired 
concentration. 

In the contact process, sulfur is burned or iron 
pyrites roasted in air to produce sulfur dioxide 
which is then oxidized to sulfur trioxide in thi 
presence of a suitable catalyst (usually vanadiunr 
pentoxide or platinum). The sulfur trioxide i- 
absorbed in concentrated sulfuric acid to produK 
oleum (pyrosulfiiriq^acid, H 2 S 2 O 7 ). which is thei 
treated with water to produce sulfuric acid of am 
desired concentration. The schematic diagram n 
the process shows that the burner gas (about 2 S^ 
sulfur dioxide, 30% oxygen, and 45%) nitrogen) 1 
filtered to remove dust parti<*les, and is cleaned 
dried, and treated to remove arsenic (a calah'' 
poison ) before being heated and converted to t>\\\ 
fur trioxide on the catalyst bed (Fig. 4). Then 
are many variations, for example, the Badische 



Fig. 4. The contact process. K sulfur burner; du! 
removal tower; C and D, scrubbing towers to dso 
lutfur dioxide; E, arseni^c^ removal tower; F, heater; C 
cotolyst chamber; H, sdKar triozide obsorber tows 


0f^eT'GriUo, Mannheim, and Tenteleff proc> 

In the lead-chamber process, nitrogen oxides are 
introduced into the sulfur dioxide-air mixture 
which 19 upward through a tower about 25 

It high (called the Glover tower), in which it is 

rayed with a sulfuric acid-nitrosyl sulfuric acid 
iONOSO^OH) mixture from the Gay-Lussac 
to^er, where the following reactions are probable: 

20NOSO2OH + SOj 2H2O ■ ‘ 3H2SO4 + 2 NO 
4NO H" 4SO2 + 3O2 "h 2H2O • * 4ONOSO2OH 

The gases (a mixture of SO2, O2, NO, and NO2) 
then pass through several lead chambers and are 
^pra>ed with steam. The reactions which occur 
here are not fully understood, but it is believed 
that they take place as follows: 

2NO + O2 2NO2 

2SO2 + 3NO2 + H2O ‘ 2ONOSO2OH + NO 

2ONOSO2OH + H2O 2H2SO4 + NO ^ NO2 

The gases then enter the Cay-Lu&sac tower where 
ihe\ are sprayed with fairly concentrated sulfuric 
adu (about 80 %), which results in the formation 
of additional nitrosyl sulfuric acid, 

2 HaS 04 + NO + NO2 20 N 0 S 0 j 0 H + H2O 

whkh is then pumped to the Clover tower to com- 
plete the cycle. The nitrogen oxides act as cata- 
K'.ts, and because there is some loss, they are re- 
placed periodically by the catalytic oxidation of 
imiTionia The acid is tapped from the Glover 
tower and the lead chambers, and is quite impure, 
(ontaining oxides of arsenic and nitrogen, and 
inan\ metal salts. Lead chamber acid is used pri- 
niariK in the manufacture of fertilizer because re- 
moval of these impurities is not essential (Fig. 5). 

The chemical properties of sulfuric acid are of 
(onsiderable importance, and because of them, 
^ulfiirit acid has become the largest tonnage manu- 
iactured chemical in the world. In 1957 , produc- 
tion in the United States alone was moie than 
16 , 000.000 short tons. 

The compound is a strong acid in water, and 
reacts with most metals in either the dilute or con- 
<entrated form. Iron and steel do not react with 
the concentrated acid, which allows it to be shipped 
in tank cars. The concentrated acid is a strong 
oxidizing agent, especially at elevated tempera- 
tures and will react with metals, carbon, sulfur 
and other oxidizable materials. Because of its rela- 
tively high boiling point ( 338 ®C for the 98 . 3 % 
it can react with salts at elevated tempera- 
tures to liberate volatile acids such as HCl. The 
concentrated acid is a strong dehydrating agent, 
and reacts vigorously with water with the evolution 
of much heat (205 cal/g of H2SO4). It will also 
extract hydrogen and oxygen (to form water) from 
organic materials such as sugar, wood, and animal 
tt*i$ues, thereby decomposing them and leaving 
carbon. 

'The uses of sulfuric acid are varied. It finds pri- 
use in the manufacture of superphosphate 
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Fig. 5. The lead chomber process. sulfur or pyrfte 
burners; B, Inlet for nitrogen oxides; C, Glover tower; 
D, lead chambers; E, Gay-Lussac tower; P, pumps. 


fertilizers. Petroleum refining also consumes large 
quantities of the acid, as does the manufacture of 
many chemicals, including sulfates, hydrochloric 
and nitric acids, dyes, drugs, and explosives. The 
iron and steel, storage battery, paint, plastic, met- 
allurgical, and textile industries also use large 
quantities of the acid. It is sometimes used as a 
solvent in chemical research because of its strong 
hydrogen-ion donating ability. Its use is so wide- 
spread that its tonnage production is often used as 
an indicator of general business conditions in the 
country. 

Both normal sulfates such as Na^SOi and arid 
sulfates (bisulfates or hydrogen sulfates) such as 
NaHSOi are well known. The structure of the sul- 
fate ion is tetrahedral, with the sulfur at the center 
and an oxygen at each corner. Most sulfates of 
substances can be prepared by treating the sub- 
stance with dilute or concentrated sulfuric acid or 
by oxidizing their sulfites or sulfides. Most normal 
and acid sulfates are quite soluble in water (nota- 
ble exceptions are certain alkaline-earth and lead 
sulfates which are sparingly soluble). Most normal 
sulfates are thermally stable except at extremely 
high temperatures. Acid sulfates are converted to 
pyrosulfates and normal sulfates by intense heat. 
The sulfate ion can act as a ligand (coordinat- 
ing agent) in coordination compounds such as 
[ CoCNHOsSOijCl. Organic sulfates are known, 
for example, diethyl sulfate, (C2 Hq) 2S04, mp, 
— 24 . 5 ®C, normal bp, 208 ®C, which is used as an al- 
kylating agent. Double sulfates form quite ea.sily, 
the two most important series being the alums hav- 
ing the general formula M*M*”(S04)2’I2H20 
(M* = monovalent positive ion; M^” = trivalent 
positive ion) and the schonites, M^2M^^(SO|)2* 
6H2O. Sulfatek are usually determined analytically 
by treatment with aqueous barium chloride solu- 
tion. -facidified with hydrochloric acid) to 'give a 
precipitate of barium sulfate which is washed, fil- 
tered, dried, and weighed. 

Pyrosulfuric acid. Pyrosulfuric acid is the prod- 
uct of the reaction of equimolar quantities of pure 
sulfuric acid and sulfur trioxide. Its melting point 
is 35 . 15 ^ 0 . It is an excellent sulfonating agent and 
loses sulfur, trioxide on being heated. It also re* 
acts vigorously with water, liberating a considera- 
ble quantity of heat. Alkali metal pyrosulfates 
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such a» Na^SsO? can be prepared by heating alkali 
notetal acid sulfates or by a reaction between nor* 
mal alkali metal sulfates and sulfur trioxide. 

Thiosulfuric acid. Thiosulfuric acid is known 
only in its normal salts. The salts are stable only 
in the solid state or in neutral or alkaline solution. 
Thiosulfates are usually prepared by allowing free 
sulfur to dissolve in a solution of a metal sulfite, by 
the controlled oxidation of sulfides, or by the action 
of alkalies on polythionates. Thiosulfates are un- 
stable in acid solution and decompose to free sul- 
fur, pentathionates, and sulfites. The structure of 
the thiosulfate anion is analogous to that of the sul- 
fate ion, one oxygen atom of the latter being re- 
placed by a sulfur atom. Hydrated sodium thiosul- 
fate (hypo) is used in the photographic industry 
as a fixing agent to dissolve unchanged silver salts 
from films and plates. It is also used as an antichlor 
to remove chlorine from bleached fabrics. Thiosul- 
fate ion acts as a coordinating agent in certain metal 
coordination compounds such as Na{rAg(S 20 i) 2 ]. 
and many heavy metal thiosulfates which are oidi- 
narily insoluble will dissolve in a solution contain- 
ing excess thiosulfate ion because of the formation 
of a soluble complex. Thiosulfate is determined an- 
alytically by titration with standard iodine solutions 
(or standard permanganate solutions which are 
used to liberate iodine from iodides). The reaction, 
which gives tetrathionate ion, is: 

2820^ + Ij — > S40f, + 21 

and the titration is usually carried out until the 
blue color produced by starch in the presence of 
free iodine is just destroyed. 

Thionic acids. The thionic acids are known as the 
salts only, except for dithionic acid, of which both 
the free acid and salts are known. The only struc- 
tures known with certainty are those for the dithi- 
onate anion (OiS—SO^)'” and trithionate anion 
(OhS — S — SO i) ■ (the sulfur atoms are nonlin- 
ear), but it is assumed that in the other polythi- 
onatea, additional sulfur atoms are bonded to the 
central sulfur of the trithionate structure. Dithionic 
acid and dithionates may be prepared from sul- 
furous acid and sulfite solutions by oxidation with 
such oxidants as manganese dioxide, permanga- 
nates, and ferric or cobaltic hydroxides. Dithionic 
acid is stable in dilute solution at room tempera- 
ture, but undergoes decomposition on being heated. 
The salts are stable in solution, and all of them 
appear to be soluble. Polythionates are definitely 
known as metal salts through the hexathionate, and 
higher polythionates are believed to exist. They are 
also water-soluble, and are fair reducing agents, 
being oxidized to sulfate. They can be prepared by 
treatment of an aqueous solution of a thiosulfate 
with sulfur dioxide in the presence of arsenic tri- 
oxide. Varying the concentrations of the reactants 
is a means of forming a higher concentration of 
one of the polythionates than the others. Tetrathi- 
onates are most easily prepared by oxidation of 
thiosulfates with iodine. Polythionates are known 
to be found in Wackenroder*s liquid, a solution 


which contains colloidal sulfur, and which ia n* 
pared by passing hydrogen sulfide through suH 
rous acid solution. ^ 

Per sulfuric acids. The persulfuric acids (perox 
monosulfuric acid, called Caro’s acid, and peroxy" 
disulfuric acid, called Marshall’s acid), are known 
as the acids and salts, and are usually prepared 
by the electrolysis of sulfuric acid (or sulfate) so- 
lutions or by treatment of chlorosulfonic acid (or 
salt) solutions with hydrogen peroxide. The mono, 
acid is a hygroscopic crystalline material which 
melts at 45°C. It is soluble in water, alcohol 
ether, and organic at ids. One proton is readily lobt 
in water, and the other is strongly held. The di 
acid is a hygroscopic crystalline substance whnh 
melts at 65 °C with decomposition. It is hydrolyzed 
by water to the mono- acid and sulfuric acid, and 
eventually to hydrogen peroxide and oxygen. It is 
also a powerful oxidant, and both acids (and salt 
solutions) liberate iodine from iodides readi]\ 
Both acids are used to oxidize organic matenab 
as bleaching agents, and in the preparation of 
hydrogen pei oxide. 

Sulfenic acids, Sulfenic acids are known as the 
esters and halide*^. The ethyl ester 
S -O — CiHr,) can be prepared from -CNS 

and sodium ethvlate at 0°C. It is a colorless liquid 
with a foul odor which boils at 108°C (724 nim 
Hg). It is a weak reducing agent and is oxidized 
bv ethyl hypochlorite to the snlfinic ester, CoH- 

S(0)(0C2H0. 

Sulfinu acids, Stilfinic acids are formed bv flif 
rediution of the (hlorides of sulfonic acids with 
zini t»i by the reaction of (^rignard reagents on su) 
fur dioxide in ether solution They are unstable in 
air and are chlorinated by thionyl chloride to gi\p 
their own acid chlorides. R — SfO) (Cl) Esifr-* of 
siiirinic acids (for example, CjH-s — S(0) (OCjHj 
bp 60°C at 18 mm Hg) are prepared from ester 
chlorides of sulfurous acid, R — 0 — S(0) (Cl I, and 
Grignard reagents. 

Sulfonic acids. Sulfonic acids (alkyl) are pre 
pared by oxidizing mercaptans (RSH) or alk>l 
sulfides with concentrated nitric acid, by treat 
ment of sulfites with alkyl halides, or by the uxida 
tion of sulfinic acids. The aromatic derivates (for 
example, benzenesulfonic acid, CcHsSO^H, bp 
171°C at 0.1 mm Hg) are prepared by treatment 
of aromatic hydrocarbons with oleum. They are 
stable substances which are usually water-soluble 
and can be converted into esters, halides, and 
amides (which have important medicinal proper 
lies). Organic materials are frequently sulfonated 
in order to render them water-soluble. 

Thiosidfonic acids. Thiosulfonic acids are known 
as salts and esters. The salts may be obtained from 
the chlorides of sulfonic acids and sulfides aa fob 
lows: 

RSO 2 CI + NazS --i RSOaNa + NaQ + S 
RSOjNa + S^ RSOaSNa 

The salts react with alkyl iodides to form the ca- 
ters, RSO 2 SR. 



jjfiscella^^ous compounds. Other important or- 
Dic oxygen*8ulfur-contaming compounds include 
l!e RsSO (which may be considered 

\ being derived from sulfurous acid), and the 
^ulfones. R 2 SO 2 (from sulfuric acid). Aliphatic 
[iilfnxides are usually prepared by the oxidation of 
nitric arid or hydrogen peroxide, and 
i^he aromatic derivatives from aromatic hydrorar- 
bon<i and sulfur dioxide or thionyl chloride in the 
p^ence of aluminum chloride. They are usually 
low-melting solids or oils, for example, (C 2 H 6 )jSO 
imp, - Aliphatic sulfones are usually prepared 
[)v the oxidation of thioethers or sulfoxides with 
fuming nitric acid or permanganates: aromatic 
^ulfones. by the action of sulfur trioxide on aro- 
matic hydrocarbons or by the reaction of sulfonic 
adds with benzene and phosphorus (V) oxide at 
elevated temperatures. They are stable colorless 
,olids whiih can be distilled without decomposi- 
tion for example, diphenyl sulfone, (CfiH<i) 2 S 02 . 
mp 76^C, normal bp 379®C. Certain disulfones 
fi»rmed h> the condensation of ketones and mercap- 
Hn*! followed by oxidation have medicinal value, 
for example, (CH^l^CfSO'iCjHs) j, the hypnotic 
ipent siilfonal 

The oxv halides of sulfur may be classified as 
derivatives of sulfoxylic acid, sulfurous acid (thi- 
on\l derivatives), and sulfuric acid (sulfurvl deriv- 
ifivc-l Arvl sulfur halides (considered to be sul- 
fowln and derivatives) can be prepared from arvl 
mtnaptans and halogens at low temperatures. \n 
txampic IS phenyl sulfur chloride (C(Hr,SCl), a 
rtdoil wliuh boils at 149“C (12 mm Hg) Thionvl 
hilidcs su(h as SOFj, SOCI 2 , SOBrj, and SOCIF, 
IIP all known to have a triangular pyramidal stiuc- 
liiic with atoms at the corners only They are low- 
melting and luw-hoiling materials (thionyl chlo- 
ndf* SOrij. mp“--99S°C, normal bp 75.7”C) and 
jre verv rcattive Sulfuryl halides (SOiFj, SOjClF, 
and SOjCl*.) are also low-melting and low-boiling 
"ubstdiue^, for example, sulfuryl chloride, SO 2 CI 2 , 
lids a melting point of — 46°C and a normal boil- 
mir point of 69 3°C They are much more stable and 
h^'S reactive than the coi responding thionyl deriva 
lives, however. A pyrosulfuryl halide (SjO«sCb, 
pvrosulfuryl chloride) has also been characterized 
it melts at -37 and boils at 1S2.5®C (766 mm 
Hg) 


Other important halogen derivatives of sulfuric 
diid are the oiganic sulfonyl halides and the halo- 
'iiKonic acids. Alkyl and aryl sulfonyl halides, 
KSOoX (X = F, Cl, Br), are eolorless liquids or 
solids which usually have high boiling points 
Iphenvl sulfonyl chloride, CrtH 5 S 02 Cl, normal bp 
2‘!2»C) The halosulfonic acids. HOSO,X (X = F. 

are known as the acids, salts, and esters. The 
nnoro compounds are more stable than the chloro 
compounds, Fluorosulfonic acid, HOSO 2 F (also 
railed fluosulfonic acid), has a normal boiling 
point of 162.6®C and can be prepared from KHF 2 
and oleum at elevated temperatures. Chlorosulfonic 
HOSO 2 CI (mp— 80®C, normal bp 151®C), 
can be prepared from hydrogen chloride and sulfur 


Sulfuric mM 26S 

trioxide or oleum. It is decomposed extremely vio- 
lently by water. 

Halogen-sulfur compounds which have been well 
characterized are S 2 F 2 (sulfur monofluoride), $F 2 , 
SF4, SFe, S 2 F 10 . S 2 CI 2 (sulfur monochloride), 
SCI 2 , SCI 4 , and S 2 Br 2 (sulfur monobromide). 
These compounds have low melting points and low 
boiling points (S 2 F 2 , mp — 120.5 ^’C, normal bp 
— 38.4®C) which hydrolyze in water (except for SFe 
and S 2 F 10 ). Sulfur tetrafluoride is a remarkably ef- 
fective fluorinating agent for organic compounds. 
Sulfur hexafluoride is quite inert, and this gas is 
used as a high voltage insulator. It melts at 
— 50.8®C, sublimes at — 63.7®C, and its structure 
is an octahedron with the sulfur at the center and 
a fluorine at each corner. The sulfur chlorides are 
used in the commercial manufacture of rubber and 
the monochloride, which is a liquid at room tem- 
peratuie, is also used as a solvent for organic 
compounds, sulfur, iodine, and certain metal com- 
pounds These halides are usually prepared by di- 
rect combination of the elements. See Organosul- 
HJR (ompound; Sfifnium; Tellurium. [s.k.] 

Bibliography: J. W. Mellor, A Comprehensive 
Treatise on Inorganic and Theoretical Chemistry ^ 
vol 10, 1930; H. Remy, Treatise on Inorganic 
Chemistry, vol. 1, 1956; N. V. Sidgwick, The Chem- 
ical Elements and Their Compounds, vol. 2, 1950. 

Sulfuric acid 

A strong mineral arid with the chemical formula 
H 2 SO 4 . It is a colorless, oily liquid, sometimes 
called oil of vitriol or vitriolic acid. The pure acid 
has a density of 1 834 at 25®C, and freezes at 
10 5®C It IS an important industrial commodity, 
used extensively in petroleum refining and in the 
manufarture of fertilizers, paints, pigments, dyes, 
and explosives 

Sulfuric arid is produced on a large scale by 
two commercial processes, the contact process and 
the lead-chamber process. In the contact process, 
sulfur dioxide (SO 2 ) is produced by burning sulfur 
or a sulfide such as that of iron, FeS 2 , in air. The 
sulfur dioxide is converted to sulfur trioxide (SOi) 
by reaction with oxygen in the presence of a cata- 
lyst such as platinized asbestos. Sulfuric acid is 
produced by the reaction of the sulfur trioxide with 
water. The lead-chamber process depends upon the 
oxidation of sulfur dioxide by nitric acid in the 
presence of water, the reaction being carried out 
in large lead raypms. 

The commercial acid may be concentrated to 
98.3%,. by distillation, and pure sulfuric acid ob- 
tained by fractional crystallization. Sulfuric acid 
reacts vigorously with water to form several hy- 
drates, of which the monohydrate, H 2 S 04 'H 20 , is 
relatively stable. The concentrated acid, therefore, 
acts as an efficient drying agent, taking up mois- 
ture from the air and even abstracting the elements 
of water froffi such compounds as sugar and starch. 
Because of tfie formation of hydrates, the mixing 
of sulfuric acid and water is accompanied by the 
evolution of a great amount of heat." 



«M Suit 

The e^neemtrftted acid acts as a strong oxidizing 
agent because of its tendency to lose an atom of 
qocygen to form sulfurous acid (H 2 SO 1 ), which 
readily decomposes to sulfur dioxide {SQ 2 ) and 
water. Concentrated sulfuric acid reacts with most 
metals upon heating to produce sulfur dioxide, 

2Ag + H 2 SO 1 Ag2S04 + SO 2 + 2 H 2 O 
Gold reacts least readily. 

The concentrated acid decomposes salts of other 
lower boiling acids: 

H 2 SO 4 + NaCl HCl + NaHS 04 

It is therefore widely used in the preparation of 
other acids. 

Sulfuric acid ionizes in water, forming hydrogen 
(H^), bisulfate (HSOr), and sulfate (SO 4 ) 
10 ns, The structural formula of sulfuric acid is usu 
allv written as 


H : O : S : 0 : H or II- O— S— 0— H 


This structure is but one of several in which the 
molecule exists. It is therefore a resonance hybrid 
See Siufatf; SnuuR. If.j.j 1 

Sun 

The star at the center of the solar system, and the 
principal source of light and heat for the Earth 
(Fig. 1). The Sun consists of a globe of gas. 
1 4 X 10*’ km in diameter, heated to incandescence 
by thermonuclear reactions in its deep interior It 
is a typical member of the most numerous class of 
stars, those of spectral type dG2, with surface tem- 



Fig. I. Sun, photographed in white light during 1957 
moximum of tunipot cycle. (Mount Wilson and Palo* 
mar Ohiervatoriei) 


peratures of around 6000 "K. Other . 

are given in Table 1. ^ 


SOUR STRUCTURE 

The only star near enough for detailed ttudi 
the Sun is of immense astronomical importna^^^ 
a prototype for stars throughout the umverse 
Star). The light and heat from the Sun 
Earth habitable for organic life (see Eartr; 
lation). Less obviously, the Sun is the ultimate 
source of nearly all the energy utilized by indus 
trial civilizations, in the form of water power, hteh, 
and wind. (Atomic energy, radioactivity, and the 
lunar tides are examples of nonsolar energy.) 

Solar atmosphere. The main body of the Sun 
IS opaque and has a rather sharply defined visible 
surface known as the photosphere, the source from 
which practically all the light and heat of the Sun 
is radiated. Resting on the photosphere and visible 
to a height of about 10,000 km is the chromosphere 
a complicated layer of transparent tenuous 
shot through with a fur of small luminous spikes 
known as spicules Above the chromosphere is the 
transparent corona, a rather irregular faint ap 
pendage of extremely low density and high tem 
perature, extending outward to a distance of sev 
era! solar diameters Both the chromosphere and 
the corona emit a steady flux of radio waves, whiih 
have been observed over the frequency range from 
15 to 30,000 Me. 

The photosphere, chromosphere, and corona ron 
stitute the solar atmosphere and are the only parN 
of the Sun arressible to observation They all havp 
the same chemical composition, which probabK 
differs little from that of the solar interior The\ 
are permanent features, always in a state of inter 
nal change but always present at all points on th( 
solar surface / 

Within the solar atmosphere a number of iso 
lated temporary phenomena occur, much as clouds 
thunderstorms, and tornadoes occur in the terrc'i 


Table 1. Principal physical characteristics of the Sun 


Moan distance from 
Earth (the astro 
nomical unit) 
Radius 
Mass 

Mean density 
Surface gravity 

Total energy output 
Energy flux at surface 
Effei live surface tem- 
perature 

Strilar magnitude 
(photovisual) 
Absolute magnitude 
(photovisual) 
Indination of axis of 
rotation to ecliptic 
Period of rotation 


a 4960 d: 0003) X 10«km 
(6 960db 001) X lOUm 
(1 991 ± 002) X 10” g 
1 410 d: 002g/cm> 

(2 738 d= 003) X 10< cm/sec* * 
28 X terrestrial gravity 
(3 86d: 03)Xl0”erg/Bec 
(6 34=fc 07) X 10»«erg/(cin*)(«w‘t> 

5780® dr 50®K 

-26 73d= 03 

-f4 84dr 03 


About 27 days The Sun does no 
rotate as a solid body» d 
hibiU a systemaUc incre«e^ 
period from 25 days at W 
equator to 31 days at t he 



Spectrum of solar flore (above) ond identification of key lines (below). Wavelength increases from 
top down and from right to left; spectrum is spread into successive strips with increasing overlap 
toward the shorter wavelengths. The right half of the lowest strip is obscured by oxygen obsorption 
in the terrestrial atmosphere. The Di line of helium is visible only in flares, chromosphere, and 
prominences. The Ha, H/3/ Hy, H8, and He are lines of the Balmer series of hydrogen. (Socramento 
Peak Observatory) 




Wavelength 



Wavelength 



in Angsfromt 



in Angstroms 

Element 

B 

6870 

oxygon 

b, 

5167 3 

magnesium 

H C 

6563 

hydrogen 

H/f-F 

4861 

hydrogen 

D 

5896 

sodium 


4340 

hydrogen 

D 

5890 

sodium 

G 

4308 

iron ond calcium 

0 

5876 

helium 

0 

4227 

calcium 

E 

5270 

iron 

HS-h 

4102 

hydrogen 

b 

5184 

magnesium 

Hr 

3971 

hydrogen 

b 

5173 

mognosium 

H 

3968 

caIcKim 

b 

5167 5 

iron 

K 

3934 

calcium 





radius r 10 km 


^ig 2 Soldr temperature, density, and energy gen- radiol distance from the center. The lower section 

^ration in the interior and atmosphere of Sun. The shows tfie principal zones in the interior of Sun. 

curves in the upper section show these as functions of 


atmosphere. Known collectively as solar ac- 
they include sunspots and faculae in the 
photosphere; flares, plages, and spicules in the 
^chromosphere; and prominences and a variety of 
(hanging coronal structures in coronal space. Some 
uf the chromospheric and eoronal phenomena are 
^i»sociated with sudden bursts of radio emission, 


which often exceed the steady background emis- 
sion by factors of hundreds or thousands in the 
lower frequencies. 

The materia] of the Sun is a gas of neutral and 
ionized atoms, free electrons, and a barely detect- 
able trace of a few of the hardiest molecules. The 
high temperature is suflicient to vaporize the moat 



refractory substances, and shattering collisions re- 
duce molecules to their single atom constituents. 

The sunspots and (aciilae are readily observed 
with a small telescope, by projection of the solar 
image through the eyepiece onto a shaded white 
card. (This is the only safe method for observing 
the Sun without a specially designed solar eye- 
piece.) Observations of the chromosphere and co- 
rona require additional spectroscopic accessories. 

Internal structure. The interior of the Sun can 
be studied only l>y calculation. In principle, the 
problem is to determine the radial distributions of 
temperature Tfr), density p(r), and energy gen- 
eration c(r), required to maintain a stable gase- 
ous sphere of the Sun’s mass, radius, and luminos- 
ity (Fig. 2). The solution is complicated by 
uncertaintie.N in the natuie of the interaction of 
matter and radiation under the extremes of tem- 
perature and densitv of the solar interior. Different 
assumptions have led to a number of theoretical 
models, all of which agree on the broad character- 
istics of the solar interior, although they differ in 
detail. The temperature at the Sun’s center is near 
14,000,000® K and decreases gradually outward to 
S000®K in the photosphere. The central density is 
about 90 g/cm‘, and decreases to 10 ' 

(about 10 * times atmospheric density) in the pho- 
tosphere. The energy radiated fiom the photosphere 
is the ultimate result of nuclear processes, which 
consume 4..^ metric tons of the Sun’s mass each 
second in the central region of high temperature 
and density, extending out to a radius of about 
150,000 km. See NiJ( lkak physk s. 

In the core of the Sun, and out to a radius of 
about .5 X 10'"' km. the energy is transported by 
the radiative transfer of photons, which bounce 
from atom to at<»m like balls on a slightly inclined 
pinboard. Outside this radiative core is the convec- 
tive zone which extends to within a few thousand 
kilometers of the photosphere. Here energy is car- 
ried by the bouyant upward motion of heated ma- 
terial through a steep temperature gradient, and 
the downward motion of the cooled iiiateriul. Ther- 
mal conduction is negligible. 

Solar radiation. The solar radiation emerging 
from the Sun presumably contains electromagnetic 
energy at all wavelengths (see Elk( iromac^nrtic 
RADI M ion). Appreciable quantities of radiation 
have been measurc^d over the range from 30-m radio 
waves down to the \-ray region near 10 A (the lat- 
ter from rockets). More than 95^ of the energy, 
however, is concentrated in the relatively narrow 
band between 2900 and 25.000 A and is accessible 
to routine observation from ground stations. The 
total radiation and its distribution according to 
wavelength within the observable range ate paiam- 
eters of fundamental significance. They are meas- 
ures of the total energy output of the Sun and its 
effective surface temperature. 

Solar constant. The solar constant relates to total 
solar radiation. It is defined as the radiation in cal- 
ories per minute received on an area of 1 cm^ nor- 
mal to the direction of the Sun outside the Earth’s 


atmosphere, when the Earth is at its mean distati 
from the Sun (1 astronomical unit). It is ^ 
ceedingly difficult quantity to determine from U 
low the atmosphere and is still uncertain to m 
than 4% after a century of measurement. The ^ 
cepted value is 1.97 cal/ (cm^) (min). This^t 
equivalent to 1.374 X 10^ erg/(cm2) (sec). 

The measurement of the solar constant is greatly 
complicated by the absorption of solar radiation at 
all wavelengths by the Earth’s atmosphere. The ah 
sorption varies enormously with wavelength, and 
its wavelength distribution varies with time and 
location on the Earth. Hence a determination of the 
solar constant involves the measurement of total 
radiation received at the ground, the relative dis- 
tribution of that radiation according to wavelength 
and a deteimination of the fraciion absorbed by the 
atmosphere at each wavelength. These data are 
sufficient to define the solar constant and the spec 
tral distribution of solar radiation outside the ter- 
restrial atmosphere. The correctiolui for absorption 
can be calculated from the observable changes in 
absorption as the length of atmospheric path vanes 
with solar altitude throughout the day, provided 
the firoperties of the atmo^'phere remain constant 
over the period of observation. Beca 11*^0 such sta 
liility rarely occurs and there is no certain method 
for distinguishing when it does, the atmospheru 
effei Is ran be eliminated onlv by a statistical anal 
ysis of long series of observations, pieferablv tnon 
widely separated stations where the atmospheru 
changes ran he assumed to lie independent 

The hasir instrument for the absolute measure 
ment of total radiation is the water-flow pvrheli 
onieler, invented hv C. G. Abbot. Water flowing at 
a known rate through a tube in a blackened emlo 
suie ran he healed either by solar radiation 01 hs 
an eleelrie roil of kl^^vn resistance R. The mea^ 
uiement consists in determining the electric cur 
rent / in the coil, which has the same heating efferl 
as the solar radiation. The energy of the radiation 
iniisi then be 0.24f R cal /sec 

The distribution of radiant energy according t(» 
wavelength has been measured by a variety of le 
ceivers in the focal plane of a suitable spectro 
gra|)h. The most useful are bolometers and theimo 
couples, which detect changes in the temperature 
of a minute bit of metal. If the metal is properh 
blackened to absorb all radiations efficiently, 
temperature and hence the output signal are nearh 
independent of the wavelength of the impinging 
radiation and varv with the energy alone (see Bo 
LOMKTFR ; Thlrmoc oupll) . These devices give rel- 
ative radiant energies at different wavelength** 
which can be converted into absolute values (calo- 
ries or ergs per unit wavelength interval per w 
ond) by comparison with a pyrhcliometer. 

Although many investigators have contributed to 
the study of solar radiation, the great bulk of the 
work has been performed by the Smithsonian In- 
stitution in a continuous program of observation 
from the 1880s until 1955, under the direction of 
S. P. Langley, C. C. Ablt^t, and J. Alden. 





Pig 3. Two sections of the Fraunhofer spectrum, 
showing bright continuum and dark absorption lines. 

Surface temperature, A knowledge of the total 
.(.lar radiation and its wavelength distribution per- 
niit*; several estimates of the surface temperature 
i,f the Sun, all of which depend upon the assump- 
lion that the Sun is a black-body radiator (^ee 
Black body). Assuming this, the energy distribu- 
tion and total radiation from 1 cm- of the solar sur- 
ran be accurately represented by Planck’s law 
ami SicfanV law 

. 2hc^ 1 

am! 

wlii-rrc - velocity of light, 2.998 X 10*^ cm/sec 
h - Planck’s constant, 6.62 X KV erg-sec 
k = Pollzrnann’s constant, 

1.88 X 10' ’‘'erg/deg 
(i = Slefan’s constant, 

5.672 X 10’'Vrg/(cm2)(deg^)(sec) 

Till* M)lai constant gives £ - 6.346 X 10*" erg/- 
U'm‘'){‘50( ) at the solar surface, from which the 
I'ffrriivt; Icinperature is found to be T,. = 5780° K. 
l»\ Stefan’s law. 

A n»rnt)arison of the energy distribution with Es 
'alnilated from Plam’k’s law rtweuls notable dis- 
' rrpanrics. A color temperature of around 6000° K 
liives the best over-all fit in the 2900-25,000 A re- 
of the spectrum. Other determinations of tem- 
P'rature from the energy distribution in shorter 
’‘pr<tral regions yield a varietv of color tempera- 
inuN between ,5500° and 7000° K. The differences 
between these color temperatures and the effective 
temperature arc simply indications that the Sun is 
not a perfect black body; under the circumstances 
there is no unique quantity which can be termed 
•he terriperatiire. The deviation from black-body 
radiation laws is partly due to the fact that the 
radiation at different wavelengths comes from lay- 
‘*rs at different depths in the solar atmosphere 
^ith different temperatures. 

Solar physics. The combination of a telescope 
and spectrograph has proved to be the most power- 
hd observational tool for the study of solar physics. 
A.STRONOMICAL SPECTROSCOPY. 

The solar spectrum is the cla.^-sicol example of 

absorption spectrum, consisting of a bright con- 
interrupted by thousands of dark absorp- 



The wavelength range covered by each strip is ap- 
proximately 85 A. (Sacramento Peak Observatory) 


tion lines, known as the Fraunhofer lines. Of the 
92 natural elements, 64 are represented in the 
Fraunhofer spectrum (Fig. 3). The remaining 
atoms are undoubtedly present but remain unde- 
tected because of low abundance or inaccessibility 
of lines in the far ultraviolet, where the spectrum is 
absorbed by the Earth’s atmosphere. The relative 
abundances of the mo.st numerous atoms have been 
estimated from the line intensities. They are listed 
in Table 2. The Sun can be described as a globe 


Table 2. Relative numbers of the most abundant atoms 
in the Sun 


ItydroKcri. H 

1.000,000 

Siliron, Si 

20 

ileliiirii. 111' 

.'iO.OOO 200,000 

Sulfur, S 

8 

Oxygf'n. O 

r>oo 

Aluminum, Al 

2 

Ni1roj?fn, M 

400 

Sodium, Nb 

2 

('arhon. C 

200 

Calcium, Ca 

1.5 

MaKuosiiini, Mg 

3.3 

Iron, F« 

1..5 


of hydrogen and helium with traces of the other 
clemenls. 

Kirchhoff’s classical laws of spectrum analy.sis 
gave the first sound concept of the structure of the 
solar atmosphere. Later studies of spectroscopic 
details and the application of the methods of quan- 
tum mechanics have elaborated and extended the 
picture without essential change. The photosphere 
is the .source of both the continuum and the weaker 
Fraunhofer lines. The .strong lines, because of their 
opacity, originate at higher levels in the lower 
chromosphere. 

The development of quantum mechanics in the 
1920s introduced a period of rapid advance in the 
interpretation of the solar spectrum. The influence 
of excitation and ionization on line intensities, and 
their dependence on the temperature and density 
of an atmosphere, were clarified. The effects of 
kinetic temperature, turbulence, den.sity, numbers 
of atoms in the line of sight, and electric fields on 
line profiles were recognized, although the exact 
quantitative relation.s are still undetermined in 
some areas. The well-known Doppler and Zeeman 
effects provided means for measuring the line of 
sight components of velocity and magnetic field 
strength. The analysis is complicated because all 
the physical tparameters vary with height, and the 
profile of every line is the composite result of all 
of them over a considerable range of height. How- 
ever, different lines are affected differently, and 


Judicious studies of many lines have yielded most 
present knowledge of solar physics. 

PholMplHim. The photosphere has been de- 
scribed as the visible surface of the Sun. Actually 
it is a layer several hundred kilometers thick, the 
distinguishing mark of which is a rather abrupt 
transition from the high opacity of the solar inte- 
rior to the nearly perfect transparency of the chro- 
mosphere. Photons from below the photosphere 
cannot escape from the Sun directly. Instead, they 
are absorbed by atoms in higher layers and re- 
emitted. Photons from the top of the photosphere, 
however, pass unimpeded through the chromo- 
sphere and corona to outer space. As seen from 
Earth, the photosphere is analogous to a cloud 
laver in the terrestrial atmosphere. Although light 
filters through, it is thoroughly scattered, and no 
image of the source can be seen. 

The brightness of the photo«»phere decreases 
smoothly from the center of the solar disk to the 
limb. This limb darkening results from the fact that 
the line of sight to the observer passes through the 
solar atmosphere at an inc reasing angle to the nor- 
mal as the point of observation approaches the 
limb. Hence the line of sight penetrates to a lower 
depth in the foggy photosphere at the center of the 
disk than at the limb, where the path from a given 
level through the overlying layers is much longer. 
The fact that the photosphere is darker at the limb 
than at the renter indicates at once that the effec- 
tive temperature decreases with increasing height 
through the photosphere While this conclusion is 
qualitatively correc't, the measurement of limb 
darkening in a broad spectral band cannot yield 
very meaningful results because the radiation at 
short wavelengths comes from deeper layers than 
that at long wavelengths. However, the cenler-to- 
limb variations in narrow bands of the solar ron- 
tininim and in the profiles of the Fraunhofer lines 
are among the most powerful tools for the analysis 
of the vertical structure of the photosphere. In 
spite of the difficult problems of interpretation, 
these data provide a reasonably reliable determina- 
tion of the variation with height in the photosphere 
of temperature T, density p, and radial optical 
depth T„ where To is defined as - In k, where k is 
the fraction of radiation at X ** 5010 A, which es- 
capes unabsorbed through the overlying layers in 
the vertical direction (Fig. 4) . 

Magnetic field. The Zeeman effect of the large 
magnetic fields of the sunspots has been observed 
since 1908, but the field of the undisturbed Sun was 
too small for detection until the brilliant invention 
of a photoelectric solar magnetograph by Horace 
and Harold Babcock in 1952. A typical solar mag- 
netic chart shows the longitudinal (line of sight) 
component of the photospheric fields during a min- 
imum of the sunspot cycle (Fig, 5). The deviations 
of the trace from the straight horizontal lines meas- 
ure the field strength. The interval between lines 
corresponds to about 1 gauss. Over most of 
Sun the fields are random in direction and only a 
fraction of a gausa in strength, with a few small 



Fig 4. The variation of temperature, density, and 
radial optical depth with height in the photosphere 
and (less certainly) in the chromosphere. The lower 
curve of optical depth shows the variation with on ex* 
ponded ordinate scale. 

areas of several gauss At the north and south 
poles, however, the fields are systematically of op 
posite sign, indicating that the Sun, like the Earth 
has a general field 

Surface granulation. The onl\ visible structure 
in the undisturbed photosphere is the white-light 
surface granulation (Fig. 6). It has the genera] ap 
pearance of small white grains like lice sprinkled 
at random on a gray background The grains are 
small, of the order of 1000 km in diameter (alioiit 
1.3 sec of arc as seen from the Earth), with an 
average life of about 3 min 

The granulation is prohablv the visible evideiue 
of convection from below the photosphere The 
bright grains are presumably the tops of hot rising 
columns which brin^energy up from the interior 
while the darker intergranular area is the cooled 
downward moving material. This view is supported 
by Doppler nyeasurements. which show an apparent 
over-all upward motion of the photosphere, due 
presumably to the predominating effect of the ri" 
ing bright granules with respect to the dark area*) 
The measured difference in brightness between a 
granule and intergranular areas is about 15%, m 
dicating an effective temperature difference of the 
order of 2()0°K. 

Chromosphere. The chromosphere was first dc 
tected and named by early solar eclipse observer*' 
They saw it as a beautiful rosy arc that remained 
visible for a few seconds above the limb of the 
moon when the photosphere had been covered. The 
red color is due to the predominating brightness of 
the Ha line of hydrogen at 6562.8 A in the chromo 
spheric spectrum, which, except for a bare trace of 
continuum, is a pure emission spectrum of bright 
lines (Fig. 7). 

Because of the rarity of eclipse opportunities 
solar astronomers have developed methods for pho 
tographing the chromosphere with observatory tel 
escopes whenever the sky is clear. The structure 
at the limb is visible through 4 birefringent 




Sm 



fw JULY 18 my w 

Fig 5 Traces of the longitudinal component of mag- Sun on two successive days (Mount Wilson and Palo- 

netic field strength over the disk of the undisturbed mar Observatories) 


\Mtli d transnijssion band 3 4 A wide centered on 
rlif Hn line (vt Biri frinoi: n( i* ) I he hlter al 
m (omplelth suppiesse'^ the continuous spec 
mini (>f the overpowering background oi sunlight 
itfcnd hv the terresiridJ atmosphere while 
inilv lidiismilting the chromosphei ic light 
hj. «l 

The limb photogiaphs of the c hiomospheie give 
In inipiession of a continuous medium which lap 
iil\ thins out with incicasing height becoming in 
\Mhle 6000 7000 km above the photosphere The 
iniiles project tiorn this lavei like the bristles of 
chncpit hdii brush Their numbers diminish with 
|ll(rta'^l^g luight uf) to a maximum height of 
alout IS 000 km In onlv rare instances do their 
II piicnt diameters exc eed the 0 spi limit of res 
luhon m the best photographs (due to poor see 
iHp,) I he average true diameter must be something 
I than 1<00 km 

\n individual spicule typically shoots upward 
fmin the lower chromosphere at 20-30 km/sec to 
I*" maximum height There it pauses and either 
fades out or retracts into the chromosphere The 
i^trage hietiine is about 3 rnin Above the level of 
KlOO km the spic ules are generally well resolved 
and easily counted There appear to be about 10^ 
' t them over the whole Sun, with a total area of 
‘ro«s sc>rtion of not more than 2 X 10 * of the solar 
"iirfac e 

Ju‘'t as the photosphere is a transition layer in 
“PKitv the chromosphere is a transition layer in 
temperature In round numbers, the temperature at 
the base is 4300®K (the minimum of the tempera- 
ture height curve) and risen to about 1 000.000® K 
10 000^15,000 km, where the chromosphere 
•merges with the isothermal corona The corre- 
'^ponding densities in numbers of atoms/cm^ are 


N = 10^'^ and 4 X 10^ While these boundaiy val- 
ues of temperature and density are fairly well es- 
tablished, their profiles through the chromosphere 
ate uncertain 

I he gieatti temperature and lesser density of the 
chromosphere as compared with the photosphere 
die evident fiom a c omparison of their spectra The 
outstanding characteristic of the chromosphei ic 
spectrum IS a great enhancement of high excitation 
lines and the lines of ionized atoms ovei the lines 
of the photospheric spectrum I he strong chromo- 
spheiic lines of He 1 and He 11, with excitation 
potentials in excess of 20 elc*ction volts (compared 
with 4 6 volts for most photospheric lines) are 



Fig 6 LorgiP^cale photc^graph of photospkanc gran- 
ulation In wKhe light taken from an oltitude of 80^ 
000 ft above sea level. The length of this section is 
about 55,000 km on the Sun. (Princifon Observatory) 
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Fig. 7. The floth tpectrum of the ultraviolet light 
from the chromosphere, photographed during on 
eclipse. This is a negative to enhance details. The 
strong H and K lines are at the right, the convergence 


of the Balmer series of hydrogen is near the 
and at the left the lines merge into the Balmer con* 
tinuum toward shorter wavelengths. {High 
Observatory) 


entirely absent in the Fraunhofer spectrum. Low 
density and high temperature favor the high exci- 
tation observed. 

Like the vertical structure, the horizontal struc- 
ture of the chromosphere is inhomogeneous 
(Fig. 9)^ The characteristic small-scale dark mot- 
tling indicates definite differences in the physual 
stales of contiguous areas. Whether the dark mot- 
tles are hotter or cooler than their surroundings 
cannot be determined until better data on the 
height dependence of temperatiiie aie available 

Corona. The corona, which appears m all its 
glory during total solar edipses, lies above the 
chromobphere. It has been univeisall) and ccu- 
fectly described as a pearly white halo surrounding 
the ef lipped Sun, extending out to one or two solai 
diameters, with cons[)icuous streamers reaching fai 
bevond this (Fig. 10). The surface brightness of 
the inner corona is about 10 ” tunes that the 
.Sun, and the total light emission approximates that 
of the full Moon 

The light originates in thiee distinct prot esses 
which distinguish the F, K, and E components The 
F component is not a true M>lar appendage It is a 
halo produced by the scattering of sunlight by in- 
terplanetary dust between the Sun and the Earth, 
and is properly regarded as the inner /one of the 
zodiacal light (5ce Zodiacal lk.iip) The F com- 
ponent is negligible c ompared vwith the K compo- 
nent in the inner < orona. but is brighter than the K 
component beyond about 2.S solar radii. 

Unlike the F compcmenl, the K and E tomfio- 
nents are intimately associated with the Sun itsell 
The light originates in a tenuous gaseous envelope 
sui rounding the Sun with a maximum densitv of 
the order of 4 X 10'" atc»ms/cm'', at a temperature 
of 1-2 X 10« °K. 


At a total solar eclipse, the K corona dominates 
the picture with its intricate structure, visible in 
the inner corona, and its beautiful streamers, lu 
luminosity is due entirely to the scattering of sun. 
light by free electrons in the coronal gas. The light 
is partially polarized. The spectrum consists of a 
simple continuum with no absorption lines* The 
absence of the Fraunhofer lines in the K com- 
ponent provided the first clue to4he high kinetic 
temperature of the corona. The EToppler broaden 
ing of the lines near .SOOO A due to the thermal ve 
b»cilies of the scattering electrons, for which the 
atomic weight is ,S..S X 10 is roughly 8Xf =* 
0.16 7’‘/-A Thus a tempeiature of 10* °K or more 
smears the lines out over 100 A or so and dilutes 
their absorption to the point of un detect ability 

The free electrons of the K corona are the prin 
cipal soiiice of solar radbi emission at frequencies 
of less than 500 Me, and may be regarded as a sort 
of radio photosphere. Measurement of the radio 
emission indicates a coronal temperature near 
10^ "K 

The structure of the K corona varies markedly 
with the sunspot c vc le. At sunspot maximuni it pre 
sents a fairly symmetrical globular appearance 
with d few weak stl'^amers in the equatorial re- 
gions At sunspot minimum the globular shell 
shrinks toward the solar surface and the streamers 
emerge The polar brushes composed of small, sym- 
metrically diverging streamers and the long ladial 
stieamer^ in lower latitudes are characteristic. 

The E component of coronal light is the onh 
pait which originates in the coronal atoms them 
selves and is accordingly the most informative 
about the physical state of the corona. Although 
only one-hundredth as bright as the K component 
the E corona has a pure emission spectrum of 



Fig. 8* Large-scole photograph of the chromosphere chromosphere. The length of this section Is about 140/ 
in Ha light, with the disk of the Sun artificially eclipsed 000 km. (Photograph by R. B. Dunn usinff I5^in* teh- 
and the hairy spicules protecting above the continuous scope, Sacramento Peak Observatory) 






Fig 9 Spectroheliogram of the Sun in Ha light show- 
ing the structure of the chromosphere over the disk. 
Mount Wilson and Palomar Observatories) 



hg 10 The solar corona photographed by Van 
Biesbroeck at the eclipse of February 25, 1952. (No- 
fional Geographic Society) 
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bright lines by which it can be discriminated, not 
only from the K and F components, but also from 
the atmospheric halo that surrounds the un- 
eclipsed Sun. 

In spite of rather formidable technical diflScul- 
ties, the coronagraph makes it possible to record 
the spectrum of the E corona, and even to photo- 
graph its structure directly through a birefringent 
filter, whenever the sky is sufficiently clear (see 
Coronagraph). The spectrograph dilutes the sky 
light by spreading it into a long continuous spec- 
trum. The coronal emission lines, on the other 
hand, are merely separated by the dispersion with- 
out dilution and stand out conspicuously against 
the sky continuum. Figure 11 shows a short length 
of spectrum with the green 5.W3 A line of the co- 
rona, and lines of a bright prominence, superposed 
on the Fraunhofer spectrum of the sky scatter. The 
advantage of continuous observation, showing ac- 
tivity over periods of hours or days, is, of course, 
tremendous. Current knowledge of the E corona 
rests primarily on such observations of the iron 
green line of Fe XIV at 5303 A, the iron red line 
of Fe X at 6374 A, and the calcium high-tempera- 
tiire yellow line of Cd XV at 5694 A. 

The identifii dtion of the emission lines was one 
of the classic dl a'^tronomii al mysteries until B. Ed- 
len solved the problem theoietically in 1942. He 
showed that they weie forbidden lines of highly 
ionized atoms, which could be excited onl> under 
conditions of high temperature, low density, and 
enormous volumes quite beyond any conceivable 
laboratory resources Identification is lac king for a 
few of the 27 known lines, but most of them origi- 
nate in Fe, Ni, Ca, or Ar from which 9 11* electrons 
have been stripped bv the fierce bombardment of 
neighboring particles The mere presence of these 
ions, with ionization potentials from 233 to 814 
election volts, is unec]uivocal evidence of the high 
kinetic temperature of the corona The temperature 
calcul ited from the ionization, which is determined 
from the observed absolute and lelative line inten- 
sities, IS about 800,000°K. 

The theimal Doppler broadening of the lines 
yields an independcmt measure of the tempeiatuie. 
If It is assumed that turbulence can be neglected, 
the line widths indicate a temperature of about 



*9 11. TKa green line of Fe XIV In the E corona (th« Hum line (art ot right). (Sacramento Peak Observ- 

arc Of the left) with bright metallic lines of a atory) 

Pi^ominence^ and the yellow chromospheric he- 



1»800,000^K, except for occaeional Ca XV hot spots 
which go much higher. The temperatures derived 
from either line intensities or line widths vary little 
with height* and the corona appears to be approxi- 
mately isothermal. Because the thermal conductiv- 
ity must be high* this is to be expected. 

The discrepancy between the line-width value 
and the ionization and radio determinations of tem- 
perature has not been fully explained. Although 
there are considerable uncertainties in all three* 
they hardly seem sufficient to account for the dif- 
ferences. 

The high temperatures of the chromosphere and 
corona present an interesting problem. No simple 
transport of heat from the solar interior is possi- 
ble* because the relatively cold photosphere inter- 
venes. Several processes have been suggested. The 
most promising is the dissipation of upward-mov- 
ing mechanical energy. The original nature of this 
energy is uncertain. It may be moving material in 
spicules, or acoustic waves modified by the action 
of local magnetic fields. In either event, the dissipa- 
tion is probably in the form of hydromagnetic 
shock waves, by means of which particle velocities 
in excess of the thermal velocities of protons in the 
corona can be achieved. 

The E corona is far more spotty in its distribu- 
tion over the surface of the Sun and displays much 
more complex structures than the K corona (Fig. 
12), Coronal emission tends to concentrate strongly 
over active centers in the sunspot zones, although 
some emission is present over the whole Sun Rap- 
idly changing structures are fairly common. They 
will be discussed later with oihei features of solar 
activity. 

Observations from rockets. The scientific use 
of rockets has contributed information of the ut- 
most importance for the understanding of the Sun. 
The experiments have been concerned with the 
study of the solar spectrum at wavelengths of less 
than 2900 A, where the radiation is completely ab- 
sorbed in the upper atmosphere of the Earth. The 
technical problems encountered in this work are 
enormous, and any successful observation at all 
must be counted a brilliant performance. Two types 
of experiment have been carried out a number of 
times. The first is the direct photography of the so- 



fSg. 12. Typical stable form of structure of the E co- 
rona in the light of the green line of Fe XIV pketo- 
graphed without an eclipse through o birefringent fil- 
ter. (Sacramento P^ak Observatory) 


lar appctrum to a ahort-wave limit wbich 
the fundamental line of the He 11 apectnun 
A. The second is the detection of the total radial 
in rather broad spectral bands from about 130^ 
down into the x-ray region at 5 A. ^ 

The two major problems in the spectroscon 
work are the difficulty of constructing an optic^^ 
system which is at the same time sufficiently tran^ 
parent and sufficiently sophisticated to obtain the 
desired data, and the requirement that the m 
strument be accurately pointed at the Sun from a 
rapidly and erratically moving platform. Successful 
results have been achieved, however, by W. 
of the University of Colorado, A. Jursa of the Geo- 
physics Research Directorate, U.S. Air Force, and 
by a group at the U.S. Naval Research Laboratory 
under R. Tousey. The work of these experimenters 
has resulted in preliminary knowledge of the prm 
cipal features of the solar spectrum over the whole 
range down to 300 A. 

The spectrum of closely spac<^ absorption Iine<( 
extends down to about 1600 A, wriere, for ^ome un 
known reason, the continuum suddenly decreases m 
intensity to below the detectable level. At shorter 
wavelengths, the spectra show nearly 50 bright 
emission lines, many of which originate in such 
highly ionized atoms as O VI, N V, C IV, and Si I\ 
(Fig. 13). The presence of many emission lim*^ 
was a surprise. They probably originate in the tran 
sition region of intermediate temperature between 
the lower chromosphere and corona. The most im 
portant results, however, were the detection ot the 
extremely bright fundamental Lvman alpha line of 
hydrogen at 1216 A, and the corresponding line of 
He II at 304 A. The presence of these lines was pn 
die ted by theory, but needed decisive confirmation 
An accurate measurement of their intensities and 
tirofiles is a difficijH problem for the future, but 
one of the utmost importance in the studv of the 
chromosphere. These resonance lines are much 
more simply related to the temperature and denMii 
in the chromosphere than are the subsidiaiy lines 
in the visible spectrum, which depend more on the 
population of the excited quantum levels by the ra 
diation field. 

The measurement of x-rays below 50 A and a 
comparison of their intensities with the Lvman 
alpha line have been performed at the Naval 
Research Laboratory under H. Friedman and 
T. Chubb. The radiations were detected in ioniza 
tion chambers with windows of various matenab 


which served as filters. The results indicate that ap 
preciable radiations in these wavelength region^ 
are always emitted by the Sun. The intensities of 
the x-rays are enormously enhanced during the oc 
currence of a flare. Although the data are some 
what uncertain, it appears that the correspondint 
enhancement of Lyman alpha ia amall. 

It is fortunate that at wavelengths shorter th^ 
1600 A the solar radiation is largely concentrated 
into emission lines which are far more easily 
tographed than a continuum. Otherwise, the far m 
traviolet spectrum of the Sun might have defied de 
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^>g 13 High-altitude spectrum of Sun showing emis- 
sion lines m the far ultraviolet of carbon C, helium He, 
Mrogen H, iron Fe, nitrogen N, oxygen O, silicon Si, 
and sodium Na. iU.S. Naval Research Laboratory) 


^<*rlJon since its integrated intensity is certainly 
I than lO"*^ times that of the visible spectrum. 

SOLAR ACTIVITY 

'I'he foregoing sections have been concerned with 
'‘tructure of the normal steady state of the un- 
disturbed Sun. There are, in addition, a number of 
i<‘niporary phenomena, continually changing, often 
^plowvely, known collectively as solar activity, 
of them are the products of a single more 
phenomenon known as a center of activity. 

Center of activity. A center of activity (CA) is 
^nuted region of the solar surface, typically 150,- 
^ km in diameter, where a strong magnetic field 
®iiiporarily appears. It is distinguishable from the 
tinaisturbed solar surface by a great variety of sub- 


sidiary phenomena which will be described below. 
The maximum magnetic field strength within a cen- 
ter may be about 50-4000 gauss. The active life- 
time of different centers varies from 3^ days for 
a small CA, to about 300 days for a strong one. 
The longer-lived centers may then degenerate into 
an expanded weak static field of 1~2 gauss which 
endures another 200-300 days or until a new CA 
appears in the area. In terms of L. the duration of 
the period of active magnetic changes, the evolu- 
tion of the more important centers with L > 50 
days consists of a growth phase from the first ap- 
pearance to O.IL, a period of maximum field 
strength from O.IL to 0.2L, and a phase of de- 
clining field strength from 0.2L to l.OL. The in- 
terval from O.OL to 0.2-0.3L is a period visibly 
and radioactively spectacular. Sunspots, plages, 
concentrations of the E corona, and a barrage 
of radio emission develop and decay. Short-lived 
flares, with an imposing retinue of related ac- 
tivities. appear with increasing frequency and 
then fade away. These phenomena are far more 
conspicuous than the magnetic field, which is meas- 
urable only by the relatively subtle Zeeman split- 
ting of some of the Fraunhofer lines. There is little 
doubt, however, that the magnetic field is the pri- 
mary characteristic of a CA; the other features 
are secondary. 

Although the complex interaction between the 
material of the solar atmosphere and magnetic 
fields is far from thoroughly understood, the ener- 
gies involved favor the theory that the secondary 
features are relatively trivial results of minor fluc- 
tuations in the CA field. Observational data on the 
evolution of the fields are still insufficient for a de- 
tailed confirmation of this new concept, but obser- 
vations in 1958 and 1959 support it. 

The maiority of centers have bipolar fields with 
two strong poles, or maxima of field strength, of 
opposite sign in well developed sunspots. Centers 
with unipolar fields are less numerous, but not un- 
common. A few centers have complex fields, with 
many poles of both signs, dominated by a strong 
bipolar pair. Such centers are by far the most ac- 
tive. 

Intensities vary enormously from the large sun- 
spot groups, with field strengths up to 4000 gauss 
over areas of 10^-10** km-, down to weak fields of 
about 50 gauss, marked by small plages. The strong 
centers which 4^elop sunspots are confined to the 
sunspot zone between =fc40® latitude. Weaker cen- 
ters oequr with decreasing frequency at high lati- 
tudes,*but are rarely found above 60®. 

Origin of the magnetic field of a CA is not fully 
understood. In a highly conducting atmosphere like 
that of the Sun, any changes in magnetic fields must 
be accompanied by electric currents of enormous 
inductive inertia. Once established, a field decays 
slowly, and <lo perceptible changes would be de- 
tectable over periods of hundreds of years. It there- 
fore appears probable that substantial fields are 
relatively permanent features frozen* into the mate- 
rial below the photosphere. They are occasionally 
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Fig. 14. Large prominence in eruptive phase after frame is about 670,000 km. Her light (Socromenfo 

days or weeks of static inactivity The four frames Peak Observatory) 

cover on interval of 29 min. Horizontal width of single 


brought to the visible surface in a CA by an un- 
known mechanism, possibly the subphotosphenc 
convection. 

The connection of the different features of solar 
activity with centers of activitv is least evident in 
the large stable prominences, although this inde- 
pendence is more apparent than real. The promi- 
nences will therefore be considered first, followed 
bv a description of the phenomena more closely re- 
lated to the centers of activity. 

Solar prominences. The most beautiful append- 
ages of the Sun, and perhaps the strangest, are the 
solar prominences. They appear in Ho light at the 
limb as great red clouds of gas. sometimes resting 
on the surface of the Sun, but frequently floating 
free with no visible connection (Figs. 14 and 15). 
Most prominences at the limb are at least a thou- 
sand times fainter than the photosphere, but, like 
the chromosphere and corona, they have an emis- 
sion spectrum by means of which they can be dis- 
criminated from the scattered light of the sky with 
the aid of a birefringent filter. Against the solar 
disk they strongly absorb Ha and the H and K lines 
of Ca II, appearing as long dark filaments. 

The prominences display a variety of shapes, 
sizes, and activities that defy any general descrip- 
tion. Their common characteristic is that they ap- 
pear above the chromosphere as bodies of gas at 
100-1000 times the density and at a much lower 
temperature than the material of the surrounding 


corona, with which they may well be in pre'«‘'iire 
equilibrium. The fibrous structure is typical Ihn 
show little evidence of infliienc'e by solar g^a^M 
and must be supported by forces far moie power 
fill, almost certainl^ magnetic fields of a few 
or more Here the common features end \ 
characteristic types of prominence can be distin 
guished, and indeed, there have been a number ol 
worthy efforts to classify them. The most signifi 
cant criteria are probably the association, or lark 
of it, with a CA, and the predominance of upward 
moving material from the chromosphere or of 
downward-moving material from the corona Ihf . 
origin and driving forces activating the differtni 
classes are diverse, and their inclusion under the j 
common terra prominence is somewhat miblcading 
Hedgerow prominence. Prominences of the larg 
est class, known as quiescent or hedgerow pron»i 
nences, are identical with the long, dark filameni* j 
on the solar disk (Fig. 14). A typical filament ha'‘ j 
the form of a thin sheet, a few thousand kilometer** 
thick and about 200,000 km long, standing 
cally above the chromosphere to a height of 40,0w 
km. The average lifetime is about 100 days* The 
filament grows from a short, dark cxclamai*®** 
mark (!) extending poleward from the pptitw 
which is represented by a CA. As it grows, k ^ 
ther drifts away or is simply drawn out under the 
influence of the latitude shear of solar rot«bon 
Thus the fully developed hedgerow prominences 
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Fig. 15. Characteristic small prominence, showing fi- of a single frame is 125,000 km. Ha light. (Sacramento 
brous structure. The generally vertical filaments are Peak Observatory) 
paths of downward moving material. Horizontal width 


not generally appear to be associated with the 
lenlers of activity in whic h they originate, although 
the low latitude end may terminate in, or cut 
drross, a center. 

One of the most surprising phenomena of the 
large hluments i.s a tendency to disappear sud- 
denly for a few days and then to reappear in the 
‘Original place and form. At least some of these 
Midden disappearances arc due to eruptions like 
that shown at the limb in Fig. 14. The tendency for 
a prominence to reappear with little change sug- 
P'sts that its existence is due to some rather sta- 
ble condition of the surface below, which survives 
•lie eruptive cataclysm. 

Another characteristic phenomenon is the tend- 
rnry of material from large prominences to flow 
downward into the chromosphere. There is usually 
f ontimious rain of detached knots, and often ma- 
ftrial flows in a steady stream along one or more 
bxed arcs, which start horizontally and curve down 
•nio a single center of attraction. The prominence 
of Fig. 14 shows such a streamer. Although mate- 
flows through them quite rapidly, these stream- 
ers are remarkably stationary in quiet promi- 
n^^nces, like rigid tracks which may well be the 
lines of force in a magnetic field. The main body of 
prominence appears to be inexhaustible, con- 
^*nuing to pour its material into the chromosphere 
no sign of depletion. This peculiarity suggests 
the visible prominence is merely a location in 


space where conditions are such that downward- 
moving material becomes luminous as it passes 
through. The corona is the most likely source for 
this material. 

Spectra of prominences. Prominences of all types 
are usually somewhat fainter than the chromo- 
sphere. Their spectra are similar. The three spectra 
of Fig. 16 are typical of bright quiet prominences. 
The middle spectrum, with hiw dispersion, in- 
cludes the strong H and K lines and extends toward 
shorter wavelengths beyond the Balmer limit at 
.3647 A. The upper and lower photographs show 
different sections of this region with higher dis- 
persion. The distortions of the lines are due to the 
Doppler effect of motions within the prominences. 
All three exposures show a faint but appreciable 
prominence continuum due to scatter by free elec- 
trons. The background of Fraunhofer spectrum is 
due to light scattered in the terrestrial atmos- 
phercj^ '■ 

The chemical composition of the prominences 
is presumably identical with that of the chromo- 
sphere and photosphere. The density is about 10**^ 
or 10^ ‘ hydrogen atoms/cm’. The kinetic tempera- 
tures vary widely. The large hedgerows are the 
coolest, at 7QOO®-10,000°K. The more active types 
are hotter, with temperatures which may be of the 
order of 10® ®lC. 

Active prominences and the remaining features 
of solar activity are more closely associated with 
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Fig. 16. Spectra af bright prominences of different each spectrum is 88,545, and 129 A. The converging 
dispersions with wavelengths of corresponding lines. Balmer series merges into the Balmer continuum in bot 
From top to bottom the wavelength range covered by tom spectrum. (Sacramenfo Peak Observatory) 


renler*^ of activity than the hedgerow prominences 
or filaments. The activity is complex (Fig. 17). 
The phenomena fall naturally into two fairly dis- 
tinct classes, the equable features and the eruptive 
features. The equable features are present in every 
CA and evolve gradually during the active phase of 
the center. They are the first and last visible evi- 
dences of its existence, although the magnetic field 
persists long after their disappearance. The erup- 
tive phenomena, on the other hand, change rap- 
idly, enduring for only a few minutes or hours. The 
majority of the centers are primarily equable, with 
little eruptive activity. Those with complex mag- 
netic fields are more explosive, with a continual 
display of eruptive phenomena during the 10-20 
days of greatest activity. 

The principal equable features are sunspots, fac- 
ulae, plages, enhanced coronal regions, and low- 
frequency radio noise. The eruptive features in- 
clude loop and coronal prominences, rapid changes 
in the E) corona, and flares. The latter are often ac- 
companied by surge prominences, coronal hot 
spots, radio sources which apparently shoot up 
through the corona, bursts of ultraviolet radiation 
and x-rays, corpuscular showers, and occasionldly 
a great increase in cosmic ray emission. 


Sunspots. The sunspots are the most conspuu 
ous features of a Cl(. They are dark aieas on the 
Sun, ‘^quarely centered on the strongest magnetu 
fields. They sometimes occur singly, in unipolar 
centers. More often they appear in a complicated 
group dominated by two large spots in a bipolar 
center. 

Sunspots are darker than the surrounding photo 
sphere (about 189?^ as bright), simply because thp\ 
are cooler. The refrigerating mechanism is not defi 
nitely known, but the vertical magnetic field 
probably responsible. In an area of great held 
strength the normal convection which maintains the 
temperature of the photosphere should be inhib 
ited. The field permits motion of material onh 
along the lines of force (sec MACNfcrrtHYDBODY 
NAMics). Thus, any lateral adiabatic expansion 
and the lateral transfer of material between «P 
ward and downward moving convection columns h 
prevented, and convection ceases. Deprived of i*** 
normal supply of heat, the area cools by radiation 
and becomes a dark sunspot. 

The structure of a typical sunspot appears as * 
dark central area, the umbra, surrounded b> * 
gray ring known as the penumbra (Fig. 18)* 
inner and outer boundaries of the penumbra arf 






Fig 17 Cantars of octivity photographed in Ha light. 
The length of each frame is about 280,000 km on Sun. 
(Saeramenfo Peak Observatory) 

sharp, having the appearance of dibcontinuities in 
brightness A small spot may consist only of an um- 
bra the large spots in bipolar groups are gener- 
ally more complicated, with several separated um- 
brae in a single penumbral area 
A sunspot begins as a small dark area known as 
a pore, 2000 3000 km in diameter. The pore de- 
\el»ps into a full-fledged spot in a few days, and 
the maximum development is reached within the 
next week or two. Decay, which consists simply of 
shrinkage of a spot area along with its magnetic 
field IS mut h slower. The life span vanes from a 
few days tor small spots to about 100 days for large 
groups (Fig 19) 

The largest individual spots are about 120,000 
km in diametei Spot groups may attain a total 
length of 2S0,000 km in the east-west direction. 
Activity cycle. One of the most remarkable char- 
! acteiistits of solar activity is a strong cyclic varia- 
tion in Its intensity, with a period of about 11 years, 
j rill (vde was first discovered in the sunspots 
i 'imply bf( ause they are the most easily observed 
dfitiircs of solar activity, and it was named the 
Mii^pot (>cle before the other phenomena were 
I rrrngnized Although the sunspot cycle is evident 
<ill forms of solar activity (and for some the 
‘‘ffect IS even more pronounced than in the sun- 
•^pots), the term sunspot cycle will be used here. 
As manifested by the sunspots, the cycle consists 
variations in the sizes and numbers of spots, 
'‘xpressed quantitatively as the sunspot number 
20) TTie cycle also involves changes in sun- 
heliocentric latitudes. Each cycle begins with 
“ spots m high latitude, between 20® and 35® 
in the northern and southern hemispheres. As the 
<vrlf* progresses the spots increase in number and 
/jj'p until they reach a maximum in about 4 years, 
j decay takes about twice as long, and the cy- 
'^ends with a few small spots between latitudes 
“ and 10®. The progression from high to low 
^‘^ude quite steady throughout the cycle, 
dly, the equator appears to be a zone of avoid- 


ance where few spots are found. The characteris- 
tic disposition of spots on the solar disk at the max- 
imum of 1957 is shown in Fig. 1. 

The latitude behavior of sunspots suggests that 
the commencement of each cycle is a new begin 
ning, rather than a revival of decaying activity. The 
high latitude spots of a new cycle usuallv appear 
before the low latitude spots of the preceding cy- 
cle are gone, and successive cycles overlap consid- 
erably Most of the spots develop in the mag- 
netic fields of bipolar centers of activity, which 
exhibit a peculiar systematic behavior in sign. 
Throughout the life of a cycle the field of the lead- 
ing spot IS almost without exception of one sign in 
the northern hemisphere and the opposite sign 
m the southern hemisphere. The sign of the field in 
the following spot is always opposite to that of 
the loading spot. More remarkable still, all signs 
reverse in suet essive cycles. 

Since the maximum of 1750, the average interval 
between successive maxima has been 10.9 years. 



Fig. 18. Large |unspof group of May 17, 1951, photo- 
graphed in whitf light shows the filamentary structure 
of the penumbra and the granulation of the surround- 
ing surface. (Mount Wilson and PalomorJObservatories) 
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Fig. 1 9. Development of the large 1 947 sunspot group 
of unusually long life. Successive frames show section 
of Sun .parollel to equator on successive days as group 


«^■ ‘5. A ■■.^' 7»ll^lk. . '. ■) 

rotated across visible hemisphere. (Mount Wihon 
Palomar Observatories) 


The average duration of a cycle from the first ap- years. The difference between these two 
pearance of high latitude spots to the disapj^ifear- is the result of overlap of consecutive cycles. Whi ® 

ance of the last low latitude spots is nearly 14 the variations in sunspot activity are pronounce • 
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Fig. 20. Annugl means of sunspot number, 1750-1956. 


and the periodicity of the cycle clearly recogniza- 
ble. the interval between successive maxima is 
qiiite irregular, varying from 8 to 17 y(?ars. 

There is no sutisfact<iry explanation for the sun- 
>pot cv‘:le in terms of physical activity in the Sun 
at present. 

Faculae. Sunspots near the limb of the sun are 
always surrounded by faculae. They are small, ir- 
regular. bright patches, about 10% brighter than 
ihe surrounding photosphere. As a spot rotates 
toward the center of the disk the photosphere be- 
romes brighter, and the faculae fade into invisibil- 
ity. They are apparently the white-light appear- 
ance of the plages, visible at the limb because of 
their height above the haziness of the upper pho- 
tosphere. 

Plages. The plages, also known as flocculi or 
chromospheric faculae, are large, irregular, bright 
patches surrounding sunspot groups (Fig. 21). 
They can be seen only with the aid of a spectro- 
hcliograph or birefringent filter transmitting ei- 
ther the Htt line of hydrogen or the H or K line 
<>f ionized calcium. When photographed under con- 
ditions of excellent seeing, plages display an ex- 
traordinarily intricate structure In association with 
'mall dark filaments, which are frequently arrayed 
around the sunspots in a systematic radial or spiral 
pattern. (The Ha filtergrams of a CA in Fig. 17 
*1. typical patterns.) The plages seen in the cal- 
num lines are usually larger and more conspicu- 
than in Ha light. Because the calcium lines 
I t*’^t>bably originate lower in the chromosphere than 


Ha lines, they .show the cross section of a plage 
nearer its base. 

Although sunspots are always accompanied by 
plages the reverse is not true. Occasional fields of 
small plages develop in the sunspot zone and fade 
out without the appearance of any spots. The few 
studies of photospheric magnetic fields in these 



Fig. 21, The disk of the Sun pkotogrophed in Ha 
light, showing bright ploges in centers of octivity and 
dark filaments '*(prominences). (SacramBnfo Peak Ob- 
servatory) 






Fig. 22. Tha Sun photogropKed nearly simultaneously 
(a) in white light and (b) In red Ha light. (Mount Wil- 
son and Palomar Observatories) 


areas, however, show weak CA of .50-200 gauss field 
strength. 

Plages are features of the lower chromosphere 
and often completely or partially obscure an under- 
lying sunspot, as shown by comparing an Ho 
spectroheliogram and white light photograph of 
the Sun taken simultaneously (Fig. 22). They usu- 
ally appear in a center a day or two before the sun- 
spots as small bright areas, which rapidly grow to 
cover most of the CA. When the sunspots have de- 
cayed, the plages usually remain for a few weeks 
to mark the location and are among the last of the 
active center phenomena to disappear. The disap- 
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Flg. 23. Unusually forgo fforo of $optombor 18, 1956, 
photogrophod in Ha light and enlarged from a 16-mm 
imoge. (Socromenfo Peok Obienretory) 


pearance is a process of breaking up into a network 
of bright filaments which gradually fade out.* 

E coronas. The E coronas show a strong corre- 
lation with the plages, developing large regions of 
enhanced emission in the green and red lines, which 
progress through nearly the same evolution of 
growth and decline as the plages, whether accom- 
panied by sunspots or not. The coronal structure 
often takes the form of the broad static rays diverg- 
ing from a plage area in the chromosphere (Fig. 
12). Over a strong CA, a corona exhibits rapid 
changes of an er|fi)tive character in association 
with other eruptive phenomena, particularly the ! 
flares and loop prominences. 

Flares. The flares with their attendant subsidiary 
phenomena are the most spectacular of the erup- 
tive activities of a CA (Fig. 23) . As seen in the H« 
line, they are brilliant flecks of light which sud- 
denly appear in a center, almost as though turned 
on by a switch (Fig. 24). The light curve normallv 
consists of a sharp rise to peak brightness in a few 
minutes, followed by a slower decline of 15 min or 
more. Areas of flares are comparable to those of 
sunspots. Large flares are rare, but the numbers Wv 
crease rapidly for flares of decreasing area, mtA 
at the smallest detectable size, flarelike brighim* 
ings are always in progress during the active pbsr^ 
of a center. Small brightenings less than ^0 
in diameter are classed as subflares. 

Flare shapes vary systematically with sim».fto» 
small compact elliptical objects to large cearw 
filamentary irregular structures. 

A flare is usually a chromospheric event, 
limb appearance of a low br^ad-based dome, i**!**' 
nal velocities seem to be low, and the flare 
enon appears to be simply a sudden brigbtetiN | 
chromospheric material in place. A few nowWe***] 
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p,g 24 Development of a large, coarsely filamentary min, 19 min, and 13 min. Each frame shows 280,000 

Hare m Hn light. Intervals between exposures 6re 4 km on the Sun. (Sacramento Peak Observatory) 


teptions have been observed, however, in the form 
of flare prominences or sprays (Fig. 25). The flare 
takes the form of a violent ejection of material 
which tends to break up into small high-speed 
knoK Occasionally a stationary flare appears high 
ID a prominence mass. 

The most notable features of the flare spectrum 
are an enormous brightening and broadening of the 
line and the appearance of normally absent 
high-exf nation lines of helium, eithei in absorption 
or emission. During the brightest phase of a large 
tUrc. many of the Fraunhofer lines are appreciably 
hiled in and weakened, and all the lines of hydro- 
gen, the 11 and K lines of Ca II, and a few other 
mttalliL lines are present in emission. 

I he flare productivity varies widely from one CA 
to anolher and appears to be a function of the 
ornplcMly of the magnetic field Large centers of 


great activity may have as many as 60-40 flares of 
which one or two may exceed 80,000 km in the long- 
est dimension. The period of greatest flare produc- 
tivity is during the week or 10 days when the as- 
sociated sunspot group goes through its maximum 
development. Acc'ording to R, (riovanelli, the rate 
of flare production is roughly proportional to the 
product of the sunspot area and its rate of change, 
whether increasing or decreasing. 

Surges, About 80^ of the large flares and 30% 
of the smallest ones are accompanied by surges. A 
surge is a curved sword of prominence material, 
thrusting up into the corona and retracting into 
the Sun along the same path (Fig. 26). This decid- 
edly nongravitational behavior is in accoid with the 
concept of material constrained by a fixed mag- 
netic field, moving in the one permitted degree of 
freedom along the lines of force, like beads on a 







^{ 9 . 26. Photographs show largo surge In Ha light 
during total time interval of 45 min. Frame spans 500^ 
000 km on the Sun. (Socromenfo Peak Observatory) 

wire. Velocities of 300 km/sec and extended 
length.^ up to 150,000 km are typical. 

A surge usually appears in an area near to, but 
not in, a flare. Its trajectory is invariably directed 
away from the center of a nearby major sunspot. 
Some surges are apparently unrelated to flares, al- 
though these are usually associated with subflares. 


Coronal hot spots. Coronal hot spots, 
by emission of the yellow line of Ca XV at 5694 
above the photosphere by some 30,000 km, 
been found in all spectrographic observation* ® 
the corona over a limb flare. The yellow Un® ^ 
not normally detectable in the coronal spectrunj 
and indicates a temperature probably in excess 
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iOUu,wO®K- A hot »pot is usually visible before the 
brightening of the flare and lasts longer. 

^ Radio phenomena. Outbursts of radio noise often 
ccompany flares* particularly the large ones. The 
^niMsian originates in the corona at heights be- 
tween 50,000 and 500,000 km over the flare. The 
most interesting observations of radio phenomena 
gre those which sweep the frequency spectrum 
(ro® ^ corona radiates a 

£]veD frequency from a fixed height which is char- 
acteristic of that particular frequency. Thus a 
4 weep through the radio spectrum is actually a 
,^eep in height through the corona from about 
50,000 km at 600 Me to 700,000 km at 40 Me. Four 
distinct flare-associated phenomena have been ob- 
served, none of which have been identified with 
optical events in the corona ( Fig. 27 ) . 

The Type IT burst is a sudden onset of radio 
noise in a narrow band at high frequency, which 
drifts downward in frequency to less than 100 Me 
during an interval of 2-5 min. Type III burst is 
.imilar, except that the whole phenomenon occurs 
within a few seconds. The&e events are attributed 
to disturbances in the corona moving upwaid with 
velotities of approximately 1,200 km/sec and 100,- 
000 km/sec, respectively. 


The U bursts are similar to the preceding, except 
that the frequency reaches a minimum somewhere 
above 100 Mc^aiid then rises again to the original 
frequency. 

The fourth kind of flare-associated radio disturb- 
ance is the sudden onset of noise with a continuous 
spectrum over a band of several hundred megacy- 
cles, shown m the bottom strip of Fig. 27. It begins 
during the visible phases of a flare and may last 
anywhere from 10 min to ,5 hours. 

Terrestrial disturbances. Sudden disturbances in 
the terrestrial ionosphere coincident with flares, 
and geomagnetic storms some hours later, are evi- 
dence of the emission of ultraviolet radiation, 
x-rays, and electrically charged particles at the 
time of a flare The «*udden ionospheric disturb- 
ances due to ultraviolet or x-rays are without ex- 
ception associated with flares, and the most intense 
magnetic storms are strongly correlated with flares. 
However, some of the largest flares near the center 
of the solar disk produce no terrestrial effects. No 
observable peculiaiities have been found to distin- 
guish these from the flares associated with the most 
intense geophysical disturbances. 

Relation of flares to CA, To summarize the flare 
activity, some large flares occur simultaneously 



27 Time variations in the solar rOdio spectrum, 
^fequency range from 100 to 580 Me (the vertical co- 
'note) IS divided into three overlapping bands with 
^®quencies indicated in top row. Variations with time 
shown in horizontal direction. Interval between the 
^ pips between the middle ond lower frequency 
* i^epresents 1 min. Top left, a highly magnified 


U burst in the 140-Mc band. The interval between 
successive vertical scons is 0.3 sec. Top right, a series 
of Type III bursts. The middle and lower rows ore con- 
tinuous, showlrig the development of a Type II burst 
followed by a strong continuum in the 450-Mc band. 
(Recordings from radio spectrometer, Fort Davis Sto- 
tion. Harvard CoHege Observatory) 






with all at the fallowing subsidiary phenomena: 
surges^ eoronal hot spots, radio-emitting disturb- 
ances in the high corona, ultraviolet and a-ray emis* 
aiaii, and bursts of charged corpiisc'les. Most siza- 
ble flares are associated with at least several of 
these. Apparently all flares have their coronal hot 
spots. Of the subsidiary phenomena, only the ultra- 
violet and x-ray emissions occur exclusively in as- 
sociation with flares. The existence of such a com- 
plex of associated activities, some of which occur 
in widely separated locations within or above a cen- 
ter of activity, strongly reinforces the assumption 
of some massive underlying driving force, presum- 
ably the magnetic held. 

The remaining eruptive phenomena of a CA, the 
loop and coronal prominences, and the activity in 
the E corona mentioned earlier, seem to be inde- 
pendent of individual flares. Loop prominences, 
however, are the almost infallible mark of a highly 
eruptive center in its most a4 live phase When a 
loop appears at the east limb, flares can be ex- 
pected during the next 2 weeks as the CA rotates 
across the solar disk. 

Loop prominence. There are seveial typical 
forms of loop piominence, all of which are often 
displayed during the course of a single perform- 
ance (Fig. 28). The distinguishing characteristic is 
a small nucleus of prominence material, perhaps 
5000 km in diametci. in a fixed position high above 
the solar suiface. From it an apparently inexhaust- 
ible supply of material streams down into the 
chromosphere along one or two sharply defined 




(b) 

Fig. 28. Two choracteristic loop prominoncos Her 
light. Width of Sun in (a) is 340,000 km and in (b) is 
125,000 km. (Sacramento Peak Observatory) 


arcs of circles, the bottoms of wbUdi 
off by the chromosphere. A single bop 
by itself, or a number of loops origfno^^^ 
eral nuclei may pour material downfaSTSeJ 
general area of the chromosphere, givbg^^ 
pearance of a spiral spring with iu loops ^ 
gether at the bottom. 

The nucleus is commonly located at the caotes 
a coronal hot spot in which the Ca XV line^ at^ 
their greatest observed intensities, and may be ac 
companied by a coronal continuum. The downward 
streaming arcs often radiate strongly in the gree 
coronal line in addition to the usual prominenc 
lines of hydrogen, helium, and the metals. This b, 
havior is shared by a few of the surges. It indicate 
that loops and surges involve the coronal materia 
ut temperatures ranging from 4,000,()00^K down t 
1,000,000*^K. as well as the relatively high-densit 
prominence material at temperatures probably b 
low 100,000°K. The relation between coronal an 
prominenc e material is intimatt^. because many i 
the details of the prominences photographed i 
red Hnr light are reproduced in the green line. Hov 
ever, the Doppler shift of the green line is alwa\ 
much less than that of Ha. This suggests that tli 
prominence material flows through a sheath of coi 
densed coronal material like water through a hos 
Possibly the prominences are formed by a contini 
ous condensation of coronal material at the to| 
If so, some unusual process simuItaneousK mn 
presses and cools coronal material 

Coronal prominences. I oop and coronal proi 
inentes are probably related, although corom 
prominences are unaccompanied by coronal emi 
Sion. They consist of swarms of small isolated kno 
of prominence material, elongated in the directu 
of motion, which cascade down into a single, ralln 
sharply defined erfea of the chromosphere alor 
converging curved trajectories. A given trajecioi 
will often he well delineated bv several of 
knots nu»ving in tiain along it siinultaneou^lv Fi 
knots have the appearance of packets of inateri 
which are too faint to he visible at the highest h 
els hut become brighter as they move down • 
ward the solar surfdc e Thev are always in full m 
tion when first deter ted. The whole phenomena 
has the general apjiearance of a flock of sea bin 
diving into a school of fish 

The coroqa, as shown by birefringent filter pli 
tographs in the green line, is normally in a state 
constant change over a CA Coronal loops are 
striking example associated with a complex lot 
prominence fFig. 29). Other changes consist in tl 
development and decay of bright streamerlil 
structures, and surprisingly dark circular hole* 


the Hiirmtinding material One very characterisl 
structure is a series of five or six concentric arch 
over an active c'ertter. These arches generally f 
pand slowly; a few examples have been obsei^< 
to break open at the top and whip up into vcrtic 
streamers with apparent velocities up to ® 
km/sec. This activity seems to coincide accurate 
with the appearance of a flare. 



Fig 29 Six exposures of coronal acfivity over an in- 
terval of 4 hours taken in the green line (5303) Con- 

Solar-terrestrial affects. The direct mflueiu e*^ of 
ihf Sun on the Earth other than heating, illnmitid 
in»n and the solar tides, are genertill\ too deln ate 
lor diH'it detection b\ human senses, except for 
till aurora flltiaviolet and x-radiation at wave- 
shoitei than 1300 A, and streams of 
luijifd particles emitted h> the Sun are the active 
ir'nls I he Sun is stronglv variable in these radia- 
iiuns and the induced geophysical effec'ts are pro- 
iHMiriced when observed with appropriate radio 
'M’upmuit and refined versions of the magnetic 
< oinpass 

The steady flux of solar ultraviolet and x-radia 
i»<»n maintains the terrestrial ionosphere hv ioniz- 
ing a small fiac lion of the molecules of the Earth's 
Jtinosphere above the 100-km level .See loNO- 
"1 iimi 

^1 the onset of a solar flare, the .Sun emits a 
l>ur«.f of short-wave radiation which causes a sud- 
ionospheric disturbance (SID). The radiation 
»'»*mirales the upper ionosphere and produces a 
laver of ionization at a height of only 60 km. 
11*11 the density of the air is sufficient to inhibit 
die OM'illation of free electrons by c’ollisions and to 

Ji^sorh radio waves which are normally reflected 
higher ionospheric layers (see Radio- wave 
’'kop\caiion). Long-distance radio communication 
Qfleriorates or is blacked out altogether for a few 
hours Temporary ionospheric currents produce 
*'hanges in the geomagnetic field strength, and if 
‘^^‘vere, they may induce currents in long lai^d lines 


centric arch structure in first frame is a characteristic 
structure ISacramenfo Peak Observatory) 

sufficient to stop wire communications. Every SID 
IS associated with a flare, although a few large 
flares fail to excute a SID. 

The wavelength of the solar radiation which pro- 
duces a SID has not yet been firmly established 
The rocket observations of the Naval Researc h Lab- 
oratory, however, indicate that the solar x-ray spec- 
trum IS muc h more stronglv enhanced during a flare 
than any other short-wave legion. Because the 
x-rays have sufficient energy to produce the ioniza- 
tion, they are the most likely candidate 

The first solar terrestrial effects to be recognized, 
in the 1860^, were the high correlations lietween 
the 11-year sunspot cyclc», the frequency of geomag- 
netic stoims, and the appearances of auroras jn ab- 
normally low latitudes, such as those visible in ihe 
United States (see Aurora; Ci-omagnetism ). At 
the rime, the physical connection was utterly mys- 
tifying. MoW careful magnetic observations over 
a world-wide^ network of stations fully confirm 
thes9 remarkable correlation.s. 

A geomagnetic storm is a small, rapidly changing 
perturbation of the relatively massive, steady mag- 
netic field of the Earth. It Is now known to be in- 
duced by the impingement of electrically charged 
particles (mostly protons and electrons) from the 
Sun on thejpennanent geomagnetic fie14 As the par* 
tides approach the Earth the permanwe field de* 
fleets them into trajectories, most of which miss the 
Earth altogether. A fraction of the particles, how- 
ever, do penetrate the field and shower into the 
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Rq. 30, The 150-ft solar tower telescope of the Mount 
Wilton Observatory hot a vertical underground spec- 
trograph. 
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aimo-jphere in circular zones, normally 25® 
geomagnetic pole<^. Collisions with at- 
*"hfrK molecules excite the beautiful lumines- 
rtf the aurora, which reaches its maximum 
in the lower ionosphere at a height of 
1110 km The interaction between the incoming par- 
je^ and the permanent field results in ionospheric 
*“rrpnt-* which induce the small perturbations 
I'liln as magnetic storms. 

\llhcnever the numbers and velocities of the 
in.oming particles are greatly enhanced, the mag- 
neiir disliirbances naturally increase, and the au- 
roral /one moves farther away from the geomag- 

The parallelism between sunspot activity and 
nirnetu 'storms is due entirely to the dominating 
of the very intense great magnetic storms 
a. lied bv the corpuscular bursts originating in a 
( V Allhougli large flares usually produce the 
vigorous geomagnetic disturbances, great 
stoinis often occur without a flare What 
rv<rthe paiticle-emitting disturbance in a CA may 
I, (po^sjhlv a slight fluctuation in its magnetic 
luMi It apparentlv may or may not produce a 
flo« Kowevei the eiiiptive c enters are more highly 
i» lilted with geomagnetic acfivily than the 
imtpr (enters, even though the magnetic storms 
ii\ not !)(' dsso( lated with individual flaies 
Magmlu storms associated with the very large 
III ^ hiid to ap|)eai about 20 hours aftei the flare, 
iMiniigli intervals from 5 to 70 hours have been 
oiihd I Ins lag is presumahlv the time of flight 
I llie solai partK les in their passage from ihe 
'"III to Edith The aveiage ve|o( il\ of the fastest 
iiitiili** in a given hurst is nsualh about 2000 
M Rp( ause the large magnetic storms often 
N toi 2 or f days, cither the particles in a single 
lniilli\(d hurst have a laige dispersion in vehx'- 
oi iIk (mission of particles continues long after 
lit (iKippcaiaiu e of the flare. 

hilling tlie minima of the suus|iot cvcle the geo- 
ma^nelK adivitv consists almost entirely of senes 
‘ '‘mall 1(1 in rent magnet n sionns A seiii's liegins 
" til d weak distuihancc. followed by storms of in- 
•dsing stnmgth at 27-da\ intervals until a maxi- 
innn is reached, after which suc( essive storms bc- 
•nip weaker until the senes finalh dies out A 
JNMi series may consist of anywhere from 5 to 20 


recurrent disturbances, and several overlapping se- 
ries are often in progress at once. The particles re- 
sponsible for these recurrent storms apparently 
originate in a limited area on the surface of the 
Sun, known as an M region, which is aimed at the 
Earth like a gun for a short period during each 27- 
day rotation of the Sun. The M region presumably 
emits particles continuously during the whole life 
of a series of recurrent magnetic storms. No de- 
tectable feature of solar activity with the same cy- 
cle of development and decay as the M-region 
storms has been found. Statistical studies show 
that the M region is a quite undistinguished por- 
tion of the solar surface which crosses the central 
meridian 3r 4 days before the corresponding geo- 
magnetic disturbance. This assumption is supported 
bv the fact that the appearance of a sunspot in such 
a region usuallv signals the abrupt termination of 
a seiies of M storms Although the evidence is not 
yet conclusive, C. W. Allen has suggested very 
plausibly that the K corona streamers are actually 
the streams of particles from the M regions, which 
produce the rc( urrent storms as they sweep across 
the Eaith. 

The M storms are clear-cut and easily observed 
near minima of the sunspot cycle simply because 
there is little other solar activity at these times to 
confuse the picture. The M legions may continue 
to oc( iir, however, throughout the eye le. At times of 
maximum activity, the life expectancy of a given 
region must be shot I if the development of a CA 
terminates the activity. At sunspot maximum, the 
much stronger effei ts of the ever-present centers of 
activity tend to submerge the recurrent storms and 
arc responsible foi the over-all strongly positive 
(oi relation between solar and geomagnetic activ- 
ity 

SOLAR INSTRUMENTS 

The observational instruments of the solar as- 
troiM*mer are not hasirally different from those in 
general astronomic al use However, a given instru- 
ment receives about 10” times as much light from 
1 sp('“ of the solar surface as it does from u tenth- 
magnitude star This enormous difference in avail- 
able light leads to instruments of appreciably dif- 
ferent form Solar telescopes and spectrographs 
aie designed to exploit the abundance of light in 





Fig 32. Lorge 40-cm solar telescope at the Sacramento Peak Observatory, 


terms of definition of fine detail and the highest 
possible spectroscopic power. 

Teigscopas. Solar telescopes fall into two gen- 
eral classes, those designed for observations of the 
brilliant solar disk, and coronagraphs designed for 
the study of the much fainter prominences and still 
fainter corona through the relatively bright, scat- 
tered light of the sky. 

Disk telescope. Excellent definition in a solar 
image of reasonable size is usually the first require- 
ment in a disk telescope. Definition is limited by the 
excellence of the optical system, by the fundamen- 
tal diffraction limit of resolution inherent in a given 
aperture, and by the quality of the seeing {see 
Telescope, astronomical). Seeing is the term 
used to describe the blurring effect of the changing 
density gradients in the terrestrial atmosphere due 
to thermal convection. Seeing is never perfect, and 
the best that can be hoped for is a location 
where excellent definition is possible during per- 
haps 100 hours in a year. 


The most convenient type of disk telescope is ih 
solar tower (Fig. 30). Two flat mirrors at the to 
ol a tower, one of which is equatorially mounted t 
follow the diurnal motion of the Sun, reflect m 
light into a long-focus fixed vertical telescope. Th 
telesci>pe may be either a refractor or a compoum 
reflector of 30* 50 cm aperture. It produces a lar# 
image of the Sun near ground level, where the liph 
can be conveniently reflected into any one of a ntini 
her of large fixed accessory instruments. 

A less expensive variant of the tower telescope i 
the horizontal fixed telescope, with the flat mirf®*’ 
at ground level. This arrangement, when carefiill’ 
de.signed, works well\lor small apertures, but con 
vective disturbances in the long horizontal air pad 
degrade the definition of large instruments. 

F or some purposes an equatorially mounted td^ 
scope of standard length is preferable to the 
types. The elimination of a pair of flat mirrors itn 
proves the definition and considerably reduces scd 
tered light. The telescope must be fitted widi s 




. optical system to magnify the solar image, 
-of the finest photographs of photospheric de- 
^rLve been taken with such an arrangement on 
*^Lopes of 12-20 cm aperture. It is also effective 
^ motion-picture observations of prominences and 
^ chromosphere through a birefringent filter, be- 
the filter requires a secondary optical system. 
^Coronagraph,* The coronagraph, invented by 
B Lyot in 1931. is designed with one overriding 
e<in$j<ieration in mind: the elimination of instru- 
ental scattered light. Its most delicate task is the 
observation of the corona immediately adjacent to 
disk of the Sun, which is about a million times 
brighter. In an ordinary telescope, a little dust on 
ihr objective, diffraction at the edge of the aper- 
ture, and otherwise insignificant defects in the 
glass of the objective are all sources of diffuse 
mattered light which is usually some hundreds of 
limes brighter than the corona. 

The coronagraph is deceptively simple (Fig. 31). 
The critical component is the single lens objective; 
It must be made of flawless glass which is polished 
and cleaned to a perfection far beyond ordinary 
•landards. The rest of the system is more straight- 
forward. The disk of the Sun is eclipsed by a pol- 
whed conical disk, and photospheric light diffracted 
by the rim of the objective is intercepted in its 
image formed by the field lens, on tbe undersized 
diaphragm. The final lens then images the corona 
on the f<»cal plane. The spectrum of the corona can 
Iw* oli'.erved by placing the slit of the spectrograph 
at the focal plane, or direct photographs in the 
green line may be taken by inserting the appropri- 
ate birefringent filter behind the focusing lens 
and letting the image fall on a photographic film 
or plate. 

The usual coronagraph has an aperture of 15 cm 
i>r le>!,. The largest is a 40-cm instrument ( Fig. 32) . 
\n internal mirror system reflects the light into an 
oUerving laboratory through the polar axis, where 
itic image can he directed to large analyzing in- 
'•rnments, as in a tower telescope. The focusing 
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lens corrects the color aberration of the objective, 
and the telescopy can be used equally well for disk 
and limb observations. (Figures 17 and 24 were 
taken with it in combination with a birefringent 
filter.) 5ee C oronagraph. 

Spectrographic accaasorias. Most modern solar 
research requires more than the unassisted tele- 
scope, the use of which is largely restricted to 
studies of solar granulation and sunspot detail. 
Usually the telescope serves to form an image of 
the Sun for analysis with powerful accessory in- 
struments, the most important of which are the 
spectrograph, spectroheliograph, and birefringent 
filter. 

Spectrograph, Modern solar spectrographs for 
use with disk telescopes utilize the great brightness 
of the solar image to achieve dispersion of the or- 
der of 10 mm/A and spectroscopic resolution in 
excess of .500,000 (see Spectrophotometric anal- 
ysis). These desirable characteristics require long 
focal lengths, 10 25 m, and superlative diffraction 
gratings of the largest sizes consistent with accu- 
racy of ruling. 

Large solar spectrographs are nearly always 
either of the Littrow autocollimating type, or the 
reflecting type in which the collimator and camera 
element are long-focus concave mirrors (Fig. 33). 
They may be mounted either vertically in a well or 
horizontally on solid concrete piers. 

The optical path inside a large spectrograph is 
long, particularly in the reflecting type, and in- 
ternal poor seeing produced by convection in the 
light path is always a problem. One bold solution 
certain of success is complete elimination of the air 
by placing the spectrograph in a tube which can 
he evacuated. The McMalh-HuIbert Observatory 
has been very successful with such a vacuum 
spectrograph. Their solar spectrograms are prob- 
ably the finest that have been taken. 

The spectrographs used with coronagraphs for 
observations of solar limb phenomena are generally 
much smaller and simpler, with medium dispersion 
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Fig. 34. A spectrohellograph. 

of O.Smm/A or less. They are usually simple Lit- 
trow grating spectrographs of about 200-cm focal 
length. The most important requirements are high 
light efficiency and a stigmatic image. Most of them 
are small enough to be carried on the same mount- 
ing with the coronagraphs that feed them. 

Spectroheliograph. The spectrohellograph and 
birefringent filter present an extended area of the 
solar image at one sharply defined wavelength. The 
wavelength chosen is usually at the^^enter of the 
Ha line of hydrogen or the H or K line of ionized 
calcium. The chromosphere is opaque at these par- 
ticular wavelengths, and the picture obtained is. 
therefore, that of the chromosphere. It is evident 
from Figs. 10, 17, 21, and 22 that the structure is 
quite different from that of the photosphere, shown 
in Figs. 1, 6, and 18. 

The spectroheliograph is a stigmatic scanning 
monochromator made by inserting a slit in the 
focal plane of a spectrograph, accurately centered 
on the Ha line (or any other wavelength desired), 
so that only the light of this line is transmitted. 
Variations in image intensity along the first slii are 
faithfully reproduced in the exit slit. Several dif- 
ferent scanning arrangements have been success- 
fully used; one uses fixed optics (Fig. 34). The 
monochromator is mounted on ways which permit 
smooth motion in the direction of dispersion. The 
solar image from a fixed telescope falls on the en- 
trance slit of the monochromator. The light of the 
Ha line emerging from the second slit falls on a 
stationary photographic plate. As the monochroma- 
tor moves along its ways, the first slit scans across 
the .solar image, and the exit slit correspondingly 
scans the photographic plate. Thus an image of the 
Sun in the light of the Ha line is built up on the 
photographic plate continuously. See Spectrohe- 
LIOSCOPE. 

Birefringent filter. The birefringent filter consists 
of a multiple sandwich of alternate layers of polar- 
izing films and plates cut from a birefringent crys- 
tal (usually quartz or calcite). The assembly trans- 
mits the light in a series of sharp, widely spaced 
wavelength bands. One or another of the polarizers 


absorbs the light of all intervening wavelengths. A 
glass filter is usually sufficient t^solate the desired 
band and exclude the others. Filters made for ob- 
servations on the disk of the Sun generally have 
transmission bands 0.5-1.0 A wide, centered on the 
Ha line. For observations at the limb, bandwidths 
up to 10 A are used for prominences in Ha, and 
bandwidths of about 2 A for the green and red 
coronal lines. The birefringent filter is compact 
enough to be used with a conventional small tele- 
scope but is far less flexible than the bulkier 
spectroheliograph in choice of band width and 
wavelength. |j.w.k.| 

Bibliography: G. Abetti, The Sun^ rev. ed.. 1%7: 
S. Chapman and J. Bartels, Geomagnetism, 2 vols., 
1940; M. A. Ellison. The Sun and Its Influenre. 
1956; S. Fluegge (ed.), Handbiich der Physik\i>\. 
52, 1959; G. P. Kuiper (ed.). Solar System, vol. I 
1953; D. H. Menzel/Oi^r Sun, rev. ed., 1949. 

Sundew 

Any plant oflhe genus Drosera (90 species) of the 
order Sarraceniales. Sundews are small, herba- 
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insertivorous (insect-eating) plants that 
*^**^on all the continents, but mainly in Australia, 
glandular hairs (tentacles) on the leaf 
a viscous fluid which traps a visiting insect, 
tentacles then bend inward about their victim 
I Effing h into contact with the surface of the leaf 
llhere it digested. The proteins of the digested 
^upp]\ nitrogen, which otherwise may be un- 
awilaW^* to the plant in the place where it grows. 
The droplets secreted by the glands on the leaves 
jjjtpr like dewdrops in the light of the morning 
^un. hence, the name, sundew. .See 1nsk( ttvorous 
pi\NTS; S^RRACENIALES; SECRETORY STRUCTURES, 

hot ' Tp-d.s.] 

Sundial 

\n instrument for telling time by the Sun. It is 
Himpo'^ed of a style that casts a shadow and a dial 
|lite, which is the surface upon which hour lines 
irf marked and upon which the shadow falls. The 
*.t\|plies parallel to Earth’s axis. The construction 
nf the hour lines is based on the assumption that 
ih apparent motion of the Sun is always on the 
<fit ntial e<fiiator. 

Sundials can be made in any form and on an\ 
sjrfacc Thev niav be large and stationary. *)r 
^niall and pfirlable Thev may be made for use in 
I parlu iilai pla^e or made for use anywhere. The 
must widelv used foirn is the hori/ontdl dial that 
indnates lot al atiparenl time ('Sun lirne'l. Other 
♦nim^ of the sundial indicate l(K’al mean time, and 
-hnclaid time ( sec Timi ) 

fhe highest form of sundial ronstriMlion is 
toiind in the hcJioc hronometer. which tells stand- 
irrl tii.ip with great a<'ciiracv. Incoriiorated in its 
MiM^trin tion i*^ the equation of time and the time 
(lifTerenc e in longitude between the place wheie it 
h li» lie iisf^d and the standard time meridian for 
that loftilitv This makes possible a sundial that 
I in l)P read as a dork 

Fhp sundial is said to be the oldest s< ientifii in- 
^Iniinent to come down to us unchanged The iin- 
derUing scientific pimciple of its construction 
makes it a useful device for educational purposes 
a'' well as for timekeeping. I r.n.m.1 

M)liofiraphy: R. N. Mayall and M. L. Mavall. 
^undiah — How to Know, Use, and Mahr Them, 
reprint, 1958. 

Sundog 

One of two bright spots (or parhelia) which are 
••epn on both sides of the sun or moon, usually with 
red coloring on the part closer to the sun. They 
are produced by prismatic refraction on the alter- 
sides of the hexagonal ice crystals floating in 
the air with vertical axes of symmetry. Their angu- 
'«r distances from the sun increase from 22® when 
the sun is on the horizon to 45® when the sun is 
®t an elevation of 60®. For the sun at the horizon 
th^v are situated at the inner halo {see Halo) ; 

higher sun they approach the outer halo. The 
Pwhelia are the second most fretjuenlly observed 
halo phenomena. 


Sunfish 

A popular name for various fishes. The true sun- 
fishes, family Molidae, are marine fishes with short 
bodies, extremely short tails, and confluent ventral 
fins. They can inflate their bodies in the manner of 
the puffers. Best known is the giant sunfish^ Mala 
mola, up to 8 ft long and weighing 1800 lb, which 
occurs in both the Atlantic and Pacific oceans. 



The sunfish, Lepomis gibbosus; length to 8 in. (from 
E. L Palmer, Fieldbook of Natural History, McGraw- 
Hill, 1949) 


The Iresh- water siinfishes. family Centrarchidae, 
aie Noiih American. Thev have the spinous and 
soft parts of the dorsal fin united into a single 
structure. Most of them are lateral I v compressed, 
but a few, siu h as the black basses, are only slightly 
flattened Siinfishes are fie^quenllv called by other 
names, such as piiinpkinseed, bream, bluegill, or. 
incoi redly, perch. The> are prolific and in spite of 
their small si/e firovide sport fishing. Thev are ex- 
I ellent food fishes Best known to fishermen are the 
black basses, bluegill. and crappies. See Bass; 
Ckacpif ; PrR(Ff; Pfhc iformes. (j.d.b.] 

Sunflower 

This plant, Helianthns annuus, is a native of the 
(^reat Plains of North America. Varying from 5 to 
20 ft in height, if has broad, ovate, and coarsely 
seriated (toothed) leaves growing from a single 
stalk SVe Lfaf (hoi any); Stfm (botany). 
Large showv yellow floweis with dark renters 
produce flat, round seed lieads 10 15 in. across. 
See Ftowfr (boiany). Seeds (technically fruits) 
are about in. long, pointed at one end, and 
white, black, or stri])ed. .See Fruit (botany); 
Sf.Fn (botany). 

Distribution and economic importance. Sun- 
flowers are grown in all parts of the United States. 
California, Minnesota, and North Dakota produce 
most of the domestic, commercial seed crop. Pro- 
ductiufl of seed in this countty for 1954 was 578,- 
881 bushels, valued at $614,703 on the farm. Pro- 
duction in foreign countries, particularly in Rus- 
sia, far exceeds that of the United Slates. 

In foreign countries, sunflowers are grown 
mainly for oil. Russians eat the seed much as 
Americans e|it peanuts; in some parts of America 
they are also^eaten. In the United States sunflowers 
are grown primarily for seed used in poultry feed, 
for birdseed, and as a source of oil. The oil is used 
in salad dressing and in paint. In the northern 



Moturing sunflowers on a form in California. (USDA) 


Great Plains and Canada, sunflowers are grown for 
silage for cattle. [a.b.b.] 

Sunflower diseases. Sunflowers are subject to 
destructive diseases throughout the world. 

Causal organisms. Rust (Puccinia helianthi), 
caused by an air-borne fungus, reduces seed yields 
and may kill the plants. Root rot and wilt, caused 
by a soil-borne fungus, Sclerotinia sclerotiorum^ 
affects sunflowers and also many other broad- 
leaved plant species Other sunflower diseases 
caused by soil-borne fungi include downy mildew, 
Plasmopara halstedii^ and leaf mottle, Verticillium 
albo-atrum^ which aie world-wide in distribution, 
and black root rot, Sderotium hatatirola, which is 
most common in tropical and subtropical regions. 
See Fungi. 

The virus diseases of sunflowers include mosaics 
and aster yellows (see Plant virus). They are still 
somewhat restricted in geographical distribution 

Control measures. Chemical control of both rust 
and leaf mottle is possible, but it is not economi- 
cally feasible. Cultural measures, such as weed re- 
moval and rotation with other crops which are dis- 
ease resistant, help reduce losses from most of the 
sunflower diseases, and these measures are the only 
controls available against some of them Sunflow- 
ers resistant to rust have been produced in Mani- 
toba, Canada, and varieties resistant to downy mil- 
dew, leaf mottle, and aster yellows are being de- 
veloped there. See Agricultural scunce (plant) ; 
Plant disease. [w.e.s.] 

Sunlamp 

A mercury-vapor gas-discharge tube used to prQ*> 
duce ultraviolet radiation for therapeutic or cos- 
metic purposes. The envelope of the tube is made 
of quartz, since this is much more transparent to 


ultraviolet radiation than glass. Ultraviolet radia. 
tion from a sunlamp extends frotn visible 
light at about 3800 angstroms (A) to tlm ti^ 
mission limit of quartz at about 2800 A. St^ 
emission at about 2967 A is desirable for treatui^ 
rickets. Longer wavelengths, approaching the ^ 
ble spectrum, are more desirable for giving a good 
suntan in a reasonable time. The wavelength of 
ultraviolet radiation can be controlled to a great 
extent by the choice of material for the envelope 
of the tube, by using special glass filters, and by 
using fluorescent sunlamps. In fluorescent sun 
lamps the inside of the long glass tube is coated 
with a phosphor that gives radiation in the desired 
range when it is excited by ionization of the mer 
cury vapor in the tube. See Ultraviolet lamp. 

[j.mr] 

Sunshine-duration transmitter 

A device for transmitting recordable information 
concerning the number of hours ^e sun is visible 
each day compared with the nuinner of hours of 
possible sunshine. These instruments must be sensi 
live to direct sunshine, but not to sky brightness 
even though a cloudy sky near noon might be 
brighter than direct sunlight near sunrise or sun 
set. The Campbell-Stokes instrument uses a clear 
glass sphere to focus an image of the sun on a 
paper card held in a bowl concentric to the glas« 
sphere. The sun’s image burns a trace in the papei 
card to provide a record. Near sunrise and sunset 
the image may not be bright enough to burn the 
paper. The Maring-Marvin recorder is a dear 
bulb and black-bulb differential gas thermometer 
encased in a clear glass vacuum jacket to isolate it 
from ambient air. In direct sunlight the warmer 
black bulb moves a mercury column in a straight 
connecting tube betwf6n the bulbs toward contaits 
embedded in the tube. The contact closure is used 
to record the presence of sunshine. Very bright sk\ 
near noon on an overcast day may cause this device 



A sunshine-duration transmitter of the dear-bulb^ 
block-bulb or diilerentiol thermometer type. 

F. A. Berry, Jr,, E, BoZ/ay, and N, R, Bmats, Hondbook 
of MefeoroZogy, MeGraw4JUI, 1945) 







nj'cate a visible sun in error. The above-men* 

<* . ^(^ts are overcome in tbe photoelectric 
recorder adopted by the U.S. Weather 
In this, two self-generating photoelectric 
®“[* jjg connected in opposition to control a re- 

1 W ** “ P”**®®*®** direct sun- 

fu by « B h”**" *1®* 5 ***® other is exposed to both 
* light and skyli^t. When direct sunlight is pres- 

the output of the shaded cell is much less and 

2 unbalance closes a relay to actuate the re- 
order Sunshine recorders usually have a provision 
lo adjust for changes in sun angle as the year 

ogresses See Meteobolocical instkumenta- 

Sunspot 

\ dark area in the photosphere of the Sun caused 
i,> a lowered surface temperature. The temperature 
ar the center of a spot is about 4000®K, and the 
Mirfaie brightness is one-fifth that of the normal 
photosphere The sizes and numbers of sunspots 
;ar\ jn the celebrated 11-year sunspot cycle, which 
lA shared by all other forms of solar activity. See 
S,N [J.W.L.] 

Superaerodynamics 

That branch of gas dynamics dealing with the flow 
nf irases at such low density that the molecular 
mean free path is not negligibly small. Under these 
onditions the gas no longer behaves as a rontinu- 
ouv fluid Important modifications in flow phenom- 
pni occur which are ascribable to the discrete mo- 
lecular structure of the gas The subject is also 
often ( ailed rarefied gas dynamics. 

farlv work in the field was done by the kinetic 
theory physicists of the nineteenth century. This 
i^ork was mostly concerned with low speed flow of 
M** at low pressures through orifices and ducts. 
Following World War H there has been a revived 
interest in the field due to problems arising from 
nigh speed flight at extremely high altitudes This 
more recent work has thus been more concerned 
Hith the supersonic flow of low-pressure gas past 
aerodynamic objects. 

Flow regimes. It is convenient to divide super- 
aerodvnamics into three flow regimes These are 
•'ailed free molecule flow, transition flow, and slip 
flow, corresponding respectively to highly rarefied, 
moderately rarefied, and only slightly rarefied 
flow conditions. Phenomena in the three regimes 
*te quite dissimilar, so the subdivision is useful. 
Ihe term “rarefied” is relative, but can be made 
<IU4ntitative in terms of a dimensionless number, 
called the Knudsen number K, 4ofined as the ratio 
of the mean free path A divided by a characteristic 
dimension L of the flow field, for example, the 
diameter of a duct or the length of a high-altitude 
docket {K B= A/L). Free molecule flow corre- 
sponds to Ky> 1, slip flow to 1C 1, and transi- 
tion to intermediate values of JC, 

Knudsen number is related to two other 
^8ic parameters of fluid mechanics, namely the 
number M “ F/e and the Reynolds number 
• Fi/v, where F is a characteristic velocity of 


the flow, a is the speed of sound, and v the Itiiie- 
malic viscosity. Kinetic theory shows that v ctA ; it 
follows that K M/Re^ and in particular, 

where y is the isentropic exponent. 

Free molecule flow. The regime of highly rare- 
fied flow corresponds in the aerodynamic case to 
flight at altitudes of 100 miles or more. The mean 
free path is long compared to dimension L. It fol- 
lows that molecules, which impinge on a surface 
and are then reemitted, travel very far before col- 
liding with another molecule. The essential sim- 
plification of free molecule flow is that such colli- 
sions can be neglected. For the aerodynamic case 
of flow past a convex body the incident molecules 
are thus not disturbed by the presence of the body. 
For many applications it is correct to assume that 
the distribution of molecular velocities for these 
incident molecules is in Maxwellian equilibrium 
but with a mean streaming velocity component 
with respect to the aerodynamic body. For this case 
the incident flux of mass, momentum, and energy 
on a surface element can be easily calculated. The 
net flux then is determined by the nature of the dis- 
tribution of velocities for the reemitted molecules. 
Detailed knowledge of this sort of molecule-sur- 
face interaction has not yet been obtained. Un- 
der some circumstances the reemitted molecules 
emerge from the surface in Maxwellian equilib- 
rium with it. Such reflection is called diffuse. How- 
ever, under other circumstances this does not hap- 
pen. The departure from diffuse reflection depends 
on the physical and c'hemical nature of the surface 
material and of the gas, upon their temperatures, 
upon the length of time the surface has been ex- 
posed to the gas at some particular pressure, and 
upon the nature of anv film of adsorbed gas adher- 
ing to the surface For engineering applications it 
has been customary to define three surface inter- 
action parameters, also known as accommodation 
coefficients. These are 

et - Cr Ti - Tr , ft Pr 
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where Pi, tu and c, arc the fluxes of normal mo- 
mentum, tangential momentum, and energy inci- 
dent on the surface; Pr. Tr, and Cr are the fluxes of 
these quantities veemitted ; while pw, t,o, and ew are 
the fluxes that would be reemitted for the case of 
diffuse^ reflection. Measurements of these quanti- 
ties for air in contact with typical engineering sur- 
faces are generally in the range 0.8-1.0; however, 
very low values for a have also been reported, par- 
ticularly for light gases in contact with very clean 
crystal surfaces. Utilizing the accommodation co- 
efficient concept and carrying out the indicated 
calculations leads to basic formulae for net pres- 
sure p, shear stress r, and heat flux ig for a surface 
element at temperature Tw inclined /it an angle of 
attack to an incident free molecule flow of ve- 
locity F, temperatore T, and density p. These are 
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where 5 »• V/V2Rt is known as the molerular 
speed ratio, R is the specific gas constant, and 


erf (S sin 9) « f ^ c"** dx 
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is the error integral. By straightforward integra- 
tion these results ran he used to predict over-all 
aerodynamic and heat transfer rhararterislics for 
arhitrarv convex configurations. 

At somewhat higher densities the effect of mo- 
lecular collisions begins to he manifest. Molecules 
emitted from the surface begin to shield it from the 
incident flux, leading to a decrease in drag and 
heat transfer coelTicients. The shielding effect can 
be shown to be of order L/\ and is also sensitive 
to the Much number and the temperature c'ondi- 
tions. 

Slip flow. This is the flow regime of only slight 
rarefaction, ('orresp<mding in the aeiod\namic case 
to flight at altitudes of the order of 20 50 miles 
Noncontinuum effects can he tlumght of in teims 
of small corrections to ordinary continuum flow. 
The charat leristic dimension for many cases is the 
boundary ld>er thickness 8 rather than the bodv 
dimension L, Foi low speed flow 8^L>^l/V/?c/ 
so that the signific ant Kniidsen number 

\/8^ M/VRe 

For high speed flow 8 becomes dependent on the 
Mach number, the local heat transfer conditions, 
and the location on the aerodynamic bodv, so that 
a variety of different Kniidsen numbers mav be- 
come relevant. 

The term slip flow arises from the phenomenon 
of slip, according to which a larefied gas adjacent 
to a surface does not adhere ligidly to it hut rather 
has a finite velocity, known as the slip velocitv and 
determined by the local stress and temperature 
gradients. Physically, this phenomenon arises be- 
cause the gas layer immediately adjacent to the 
surface is composed of molecules of which one- 
half are originating in the gas exterior to the sur- 
face and one-half are just being emitted from the 
surface. There is thus a discontinuity in the veloc- 
ity and temperature. Mathematical analysis leads 
to a formulation for the velocity in the form 
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where the subscript 0 refers to oonditiotis ai t 
surface, x is the coordinate along the smf^ • 
the direction of the flow, y is the coordinate 
mal to the surface, and u is the gas velocity in*!?' 
X direction. The first term on the right side of 
equation arises from the applied shear stress Jt] 
the second term, called thermal creep, arises 
the temperature gradient in the direction of 80^ 
The quantity (2 — <r)/cr is actually only a first an 
proximation to a more complicated function of ^ 
The entire expression is applicable only for 
tesimal A, du/dy, and dT/dx. The correspond 
ing thermal condition for the temperature jump 
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where Ti, is the actual surface temperature and Pi 
IS the Prandtl number. This relation is subject to 
the same restrictions as the slip ^locitv condition 
These relations express true noncontinuum effects 
which, by themselves, have the effect of reducinp 
skin friction and heat transfer. Since they are oj 
importance only at appreciable values of A/ \/R< 
(or some other relevant Knudsen numl)er), tliet 
aie often obscured by continuum effects, for exam 
]ilc, inteiaition effects arising from a combinalior 
oi low Re and high A/. 

The situation with respect to the relevant flou 
equations is not quite so simple. Various modified 
tions to the usual continuum Navier-Stokes eqiia 
tions have been proposed. However, in a serifs ol 
expciirnental and theoielical investigations, nom 
of these suggested modifications has so far tiiriiec 
out to lie siiperioi to the Navier-Stokes Cffiiation" 
Thus most present i^llialytical work in the slip flow 
legime is being based on the slip velocitj one 
temperature |urap boundary conditions and on tb 
Navier-Stokes eifuations. 

Transition flow. No simple formulation for th< 
transition regime has yet been developed, excep 
for the fundamental Maxwell-Boltzman equatior 
itself. Under some situations this equation can b( 
solved for arbitrary values of A/A, including thoM 
corresponding to transition flow conditions. Thc«< 
special solutions, together with a large number 0 
experimental results, indicate that simple inter 
polation between slip flow on the one hand, am 
free molecule flow on the other hand, will itsualn 
suffice for the transition flow regime. See Afro 
NAUTICAT KNGINFFRINC. [S* A. S( HAAf 
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Supercharger 

An air pump or blower in the intake system of at 
internal combustion engine. Its purpose is to 
crease the air charge weight and power out|^ 
from a given engine size. In an aircraft engin^*J” 
supercharger counteracts the power loss resuW**' 



decreasing atmospheric pressure with in- 
^a86 altitude. 

"'^rfaca anginas. For stationary, automobile, 
. jQi^ine duty, positive displacement blowers of 
^ piston or Roots type are generally used, driven 
Tom th® shaft. Because the volume delivery 
f these types varies linearly with the engine speed, 
the cylinder pressure and shaft torque are reason- 
hlv constant throughout the speed range. Typi- 
Jallv, a gain in air charge and horsepower of per- 
haps* one-third may be realized over a naturally 
aspirated engine of the same size. However, adia- 
batic compression of the intake air by the super- 
(harger raises the air charge temperature which, in 
the <ipark ignition engine, promotes detonation and 
requires higher octane fuel. Hence, except for 
racing cars, a supercharger is seldom used on spark 
Ignition engines for mobile ground service. 

On diesel or compression ignition engine appli- 
taiions the increased air content produced by the 
supercharger allows the engine to burn more fuel 
and produce greater horsepower without creating 
pxfessive pressures inside the cylinder. Also the 
supercharger enables a diesel engine to operate 
pffid^nlh in the two-cycle mode. These two im- 
provements have decreased the size and weight of 
thedie«!el engine so that it compaies favorablv with 
the spaik ignition engine in these lespects. 

Aircraft engines. To enable a piston-type alr- 
(raft engine to develop its rated sea-level horse- 
poi^cr at altitude, a supercharger must be used to 
increase the compression and weight of the intake 
iir chciige. Centrifugal compressors are used for 
ihh dul\ because of their relativelv small size for a 
gi\en rapacity, and are dii\en either by a gear 
diivp fiom the crankshaft or by a gas turbine 
powered from the engine exhaust. 

With the gear drive, a lower ratio is commonly 
u^ed at low and medium altitudes with a change to 
a higher one when high altitudes are reached. Dur- 
ing World War II, on United States military planes 
It was I oinmon piactice to use a gear-driven second 
"tage, supplemented at high altitude bv a turbine- 
driven fiisst stage, the exhaust feed to the tuibine 
heing b> passed at low altitudes. With two stages, 
it was usual to reduce the air charge temperature 
rise by use of an intercooler or an aftercooler 
(named according to whether the cooler was lo- 
cated between, or downstream of, the two stages). 

A more recent special application is the turbo- 
compound engine, in which the turbine and com- 
pressor shaft have not only an exhaust turbine drive 
fcnl also a gear connection with the main engine 
shaft, 80 that any excess energy from the turbine 
heyond that absorbed by the compressor can go 
into the shaft as additional drive horsepower. All 
*hese aircraft turbine installations have the advan- 
tage that the pressure ratio across the turbine tends 
to increase with altitude. [f. c. mockJ 

Superconductivity 

A property of many metals, alloys, and chemical 
I'ompounds at temperatures near absolute zero by 
'Virtue of which their electrical resistivity vanishes 
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and they become strongly diamagnetic. These strik- 
ing elect tomagnetic properties are manifestations 
of a thermodynamic phase transition which consists 
of an ordering of the motion of the conduction 
electrons. 

The transition from the normal phase to a super- 
conducting phase is governed mainly by (1) the 
temperature and (2) the magnetic field at the sur- 
face of the metal. The metal is superconducting 
at temperatures below its transition temperature 
Tt and in magnetic fields weaker than a critical 
value, which increases with decreasing tempera- 
ture. A supei conductor is classified as Type I if, 
for suitable sample geometry, the transition at 
the critical magnetic field involves an abrupt 
change between complete diamagnetism and nor- 
mal magnetic permeability, and as Type II if the 
change in peinieability is gradual for all sample 
geometries. In Type I the ciitical magnetic field 
at which the abrupt txanMtion occurs is called 
//, . In Type II there are two critical field 
strengths: the upper critical field at which 
the electiiial resKiivity changes abuiptly from 
zero to its normal value and above which the mag- 
netic permeability has its full normal value; and 
the lower cntjcal field //,i, below which the mag- 
netic permeability is zero for suitable sample geom- 
etries (Fig. 1). 



Fig. 1. The superconductive state in the magnetic fielcb- 
temperature plane. 
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/fo. oerslcsls 
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Al 

1.18 

106 


Cd 

0 52 

29 


Ga 

1 09 

59 


Hf 

0 163 



Hg (a phase) 

4 15 

409 


Hg (fl phase) 

3 95 

539 


In 

3 42 

275 


Ir 

0 14 

18 


La (a phase) 

49 



La (A phase*) 

6 3 

1600 


Mo 

0 92 
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9 09 
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Os 
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65 


Pb 

7 19 
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Re 

1 70 

201 
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0 49 

46 
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3 72 

305 


Ta 

4 48 

825 


To 
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Th 

1 57 
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Ti 

0 J9 
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2 58 

171 


IJ 

0 68 

300 


V 

5 0J 

1510 
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Zn 

0 85 

3i 


Zr 

0 55 

17 


NbiSii 

18 i 


200,000 

MoN 

12 0 



CuS 

1 6 



Nb -f 2'> atomic % Zi 

11 6 


70.000 

Pb d- 10 atomic % Ri 

8 0 


2,800 

Elemental superconductors, when prepared 


high purity and free from strain^, are of Typo 1, 


with the apparent exception of niobium Super- 
condurlors in which the mean free path of the con- 
duction elec trons has been sufficiently shortened by 
chemical impurities or b> physical defects in the 
crystal lattice are of Tvpe II. The shoriei the mean 
free path, the greater the differences between //.i 
and 

The curve of critical field //* versus tempera- 
ture for any Tvpe I superc ondiic lor is loughly 
parabolic. To within a few per cent. He — Ho 
fl — {T T, )“1, where Ho is the value of H, at ab- 
solute zero. Each Type I supen onductor is charac- 
terized b> the pair of quantities f/o, Tabic 1 
lists the values of Te for known superconducting 
elements (omitting those superconducting only in 
unusual crystalline foims) and for a few of the 
many superconducting compounds and alloys, and 
values of Ho for Type I materials and typical values 
of at 4.2®K for Type II mateiials. 

There are no inviolable rules for piedlcting 
whether or not a metal will be a superconductor. 
Moat metallic elements have been found to be 
superconductors. Perhaps others will be found to 
be so at sufficiently low temperatures. However, 
most of those which have not exhibited supercon- 
ductivity have been tested down to 0.1 or lower. 
No elements in the following categories have shown 
superconductivity: alkali metals, alkaline earths, 
elements in the same columns of the periodic table 
as nickel and copper, ferromagnetic elements, and 


antiferromagnetic elements. However, eleten 
from each of these classes enter into supercto!? 
ing compounds. Some semiconductors with^’ 
high densities of charge carriers have shown 
conductivity. Nearly all crystal classes are 
sented among superconductors. Some appar^n 
amoiphous metallic forms also are supercondurt 
ing. High values of Te are usually associated wiff 
high room-temperature resistivity. Also, high va/ 
ues of T, occur most frequently in element^ com 
pounds, or alloys having 3, 5, or 7 valence eleitroi»x 
per atom. The transition temperature of an ele 
ment may be very insensitive to many impurities 
but highly sensitive to others. In particular, a few 
parts per million of an impurity which has a lo 
( ali/ed magnetic moment will markedly depress T 
The highebt transition temperature so far observed 
lepiodijciblv is about 18°K. 

MAJOR FEATURES 

Zero resistivity. When the temperature of a 
superconducting mateiial is rcducl^ past the Iran 
silion temperature, the electrical resistant c drops 
very abruptly to zero. This sudden vanishing of 
resistance was the basis of the discovery of su|Hr 
condiutivity by H. Kamerlingh Onnes in 1^)11 
(Fig 2). Within a small temperature interval (lesv, 
than OGOl'^Iv for some specimens), the resisiiviiv 
decreases by a factor of at least 10' ‘ to a vdlue 
less than 10 ohm-tm A current induced in i 
closed loop (for instance, bv withdrawal of a per 
inanenl magnet from within the loop) will duay in 
a flat lion of a second if the loop is a metal \\hiih 
is not superconducting If the loop is siipcnondiKt 
ing, however, the cm lent will persist almost m 
defiiiitel>, provided that the cunent is not tix 
laigc' Persistent currents have been observed i\ith 
no measiiiable decayed 18 months In some malt 
rials the nonresjstive mode of conduction appln*' 
for current densities, avciaged over the cross ^et 
tion of the wire, up to at least lO’’ amp cm- 

Diamagnetism. Nothing m the previous leniark'- 
about thc^ zero resistivity of supeiconcluc lois an 
liiipaic's their other basic piopertv, which is dia 
magnetism W. Meissner and R Ochsenfeld di" 
covered in 1033 that the magnetic field distnbulmn 



temperature, ^ 


Fig 2. Resistance of a samplo of mercury as a func- 
tion of temperature. (Affw^ f^llimer/ingfi One**' 
1911) 
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less than /2 (b) slightly greater than /2 (c) slightly less then He 

field. Shaded areas represent superconducting regions. 


3 Magnetic lines of force around a cylinder of 
Type 1 superconductor in a uniform transverse applied 

mar a superconductor changed if the temperature 
hmered so as to bring the sample into the 
.uptTconducting region on a plot of H versus T, 
sij(h a change would not be expected of a perfect 
HindiKlor, within which there can be no electro- 
motive forces. Absence of electromotive forces im- 
plies d lonstant interior magnetic field and con- 
.rqiientU a fixed exterior field, whicdi is contrary 
i„ ol)‘»cr\dlion in the case of supei conductors. The 
orreit explanation was that the material was in 
(lieimoclvnamic equilibiium at each temperature 
ind that superconducting equilibrium required the 
itdiKiion of magnetic induction within the mate- 
nil On becoming superconducting, a material ex- 
• Js pdit oi dll of whatever magnetii flux was pre- 
\ms\\ within it, or in other words becomes dia- 
mapnetK See DrAMAGNEiisM; MhlssNLH itHvCi. 

\ niagneiK held weaker than f/, for a T>pe I 
iifM n onductoi or f/«i for a Type II supercondm- 
tHi penerrates a \er> small distance into the metal, 
rill I \puJsi(»n of nidgnelir flux from the interior 
il lh( luateriul is a( complished by i urrents on the 
'jitjce These surface tunents screen the interior 
l»\ <<»ntiihuling magnet if fields which inside the 
^iipi rninduc toi exactly cancel the applied mag- 
MflJt fit Id These cm rents flow in a ver> thin laver, 
tin rhiikness of which is called the penetration 
'Icpth A The magnitude of A depends on the 
iiJicnal and on the temperature*. This variation 
I appio\imareJ> described b> A. — Ao |1“- 
T \ where A.t» is the penelialion depth 

It temperatuie for the partieuldr material. 
^ ivpKdl value of A.o is 5 X 10 cm. 

lh*(duse it expels flux, a supei conductor dis- 
^‘its am magnetic field in which it is plac'ed. Ac'- 
“*rdiiijr|v, the magnetic properties of a superc’on- 
‘ItKting body depend on its geometiy and on its 
‘^nt-ntaiion with respect to the applied field. For 
♦wmple, a very long superconducting rod of cir- 
nildr cross section placed in a magnetic field 
Pdrallel to its length has negligible effect on the 
'*‘dj;neuc field at points outside the rod. If the 
'^ame rod is placed in a field of not too great in- 
ifnnuy perpendicular to its length, it does con- 
inbute some external field. This combines with 
applied field to give the pattern of field lines 
’'bown in Fig. 3a. The field strength is doubled at 
’be points marked A in the figure and reduced to 
at the points B. 

If the rod is parallel to the applied field Ha, ell 
l^ints on its surface will be subjected to a field 
j strength Ha^ If the rod is of Type I, it will all 
become normal simultaneously (if the time re- 


quired for the latent heat of transition to be con- 
ducted inward is neglected) when Ha is increased 
to the strength H^; if it is of Type II, the flux 
density will begin to increase uniformly through- 
out the rod as the applied field is increased past 
the strength H i. 

Consider now what happens in a rod of Type I 
superconductor in a magnetic field perpendicular 
to its length as the strength of the applied field 
is increased. When Ha =* the field strength at 
points A in Fig. 3a is while at points B it is 
still zero. A further increase of Hn leaves the field 
at points A constant until the applied field is strong 
enough (He) to destroy superconductivity through- 
out the rod. Figures 36 and 3r show how magnetic 
transition occurs, as revealed by detailed mapping 
of the field at the surface. At applied field strengths 
above //< ^2 magnetic flux starts to penetrate the rod 
via iionsij pet conducting lamellae parallel to the ap- 
plied field (but not necessarily parallel to the length 
of the rod ) and are about evenly spaced. As the ap- 
plied field is increased, the fraction of the material 
orcupied by normal lamellae increases, but the field 
within each remains //,. As the applied held reaches 
II,, the fraction ol the rod which ia superconducting 
goes to zeio. 

A sample of Type I superconductor that is par- 
tially occupied by normal lamellae in this way is 
said to be in its intermediate state. The detailed 
strut turc of this transition mixture depends on the 
energy lequiied to create additional interfaces be- 
tween normal and superconducting regions. This 
in ter facial or surface energy is analogous to the 
surface tension between a liquid and its vapor 
which tends to minimize the area of the liquid- 
vapor interface. The configuration of the inter- 
mediate state at any applied field is determined by 
a balance between the surface energy, which in- 
creases with the number of lamellae, and the extra 
magnetic energy required to route all the flux 
through just a few widely spaced lamellae. 

FingHy, consider a rod of Type II supercohduc- 
tor in a transverse applied field as the field strength 
is increased. Flux starts to penetrate when the ap- 
plied field is Hn/ 2 * Instead of penetrating in nor- 
mal lamellae, it penetrates in very small bundles. 
The size of each bundle is the minimum permitted 
by a quantum condition which is described later 
in this article^ It is reasonably accurate to consider 
each flux bundle to be centered along a nonsuper- 
conducting core of very small cross section. The 
magnetic flux density of the bundle drops off 
smoothly in every direction from this core, ^om« 
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ing quite noiaU in a diatance of the order of A. 
Superconductivity is eventually destroyed when the 
applied field reaches Ht2% at which point the nor- 
mal cores of the flux bundles merge. A sample of 
Type II superconductor pierced by such minimal 
flux bundles is said to be in its mixed state. 

The difference between Type I and Type II su- 
perconductors amounts to the fact that in the latter 
the surface energy between normal and supercon- 
ducting regions is negative when the magnetic field 
is greater than Hc\> At such fields it is energeti- 
cally favorable for the flux to penetrate and to 
split up into normal regions as small as possible, 
so that the area of phase interface is maximized. 

It is believed that if a superconducting sample 
sufficiently homogeneous and free from strains 
were placed in a strong magnetic field and the field 
were decreased, the magnetic condition of the 
sample, would follow in reverse order the course 
which it takes in an increasing field. The magneti- 
zation of actual samples is not exactly reversible; 
there usually remains some “locked-in” flux 
threaded through the specimen after a field strong 
enough to make flux penetrate has been removed. 

Ordered electron motion. Superconductivity is 
now known to be the consequence of the relations 
between the energy levels of the allowed quantum- 
mechanical states of the system composed of all 
the conduction electrons in the material. The theo- 
retical description is very complicated because the 
superconducting states involve intricate coordina- 
tion of the motions of all these electrons. Such 
states of the whole system of electrons cannot be 
adequately described, in the way that normal slates 
can be for most purposes, by superimposing states 
of the individual electrons. In a superconductor 
these (relatively few) stales which involve intri- 
cate cooperation have appreciably lower energies 
than do the states that statistically predominate 
when the material is normal, liowering the tem- 
perature makes the cooperative states ptedominate, 
and the material is then superconducting. The 
striking features of superconductivity result from 
two facts. (1) If one of these cooperative states 
is altered in almost any fashion, the energy of the 
new state exceeds that of the old by an amount at 
least as great as some threshold value. This thies- 
hold value is called the energy gap. It is typically 
of the order of 10 ^ electron volt. (2) The co- 
operative states are each highly diamagnetic; that 
is, they respond to an applied magnetic field by 
setting up shielding cuirents. These curients are 
not attenuated by scattering of the electrons by 
lattice irregularities or lattice vibi aliens, as are 
the currents in a normal metal. Each such scatter- 
ing event is forbidden as it would be a transition 
of the whole system to a state of higher total en- 
ergy, even though electron kinetic energy might be 
decreased. Cooperative states are described in the 
section of this article on the microscopic theory of 
superconductivity. See Superfluidity. 

ThormodynamiCS. The changes in superconduM- 
ing properties accompanying changes in tempera- 
ture and magnetic field are believed to be thermo- 


dynamically reversible except for the effeels 
homogeneities in the material. 
can inhibit the free movement of magnSo « 
in the interior of the sample and thus can 
the flux from maintaining an equilibrioni 
bution. Poorly mixed alloys, cold-worked 
and metals with foreign inclusions show consid * 
able magnetic hysteresis of this sort. Bm the ^ 
homogeneities of composition associated with t'h 
random spatial distribution of impurity ato * 
which are well mixed into a host metal are tM sm"!' 
in si^e to inhibit flux movement. " ' 

In the absence of a magnetic field, the pkas, 
transition is a second-order one. This means tla' 
there is no latent heat at Te but that the specifi, 
heal undergoes a discontinuous jump. For a Type 
superconductor the magnitude of this jump, 
can be related thermodynamically to the slnpi 
dH,/dT of the critical field curve at T^ (Fig, !«) 

\ 37 /tc 

where V is the volume of the superconductor. Then 
is a latent heat Q evolved in transitions from thi 
normal to the superconducting phase at tempera 
tiires below T, ; 

IJcHr dll, 

^ ' 47r dT 

wheie H, is the critical field at temperature T 
Thus, the siipercondurtor’s principal thermodv 
iiamic pioperties can be determined directlv fnrni 
measurements of the critical field cuive. That thi^ 
is possible follows from the fart that the supeumi 
ducting and normaLphases are ihermodynamk alh 
distinct and that reversible transitions can be mddt 
between them. .See Sn< und-ordkr iransiiion 
Thermal conductivity. Since the electrical trill 
ductivily of Superconductors is extiaordinary, it b 
interesting to examine their heat c<mdiictivit\ 
Heat is conducted through a metal partly b\ elei 
Irons roaming freely through the metal and parib 
by thermal vibrations of the ions which form thf 
crystalline lattice. At low temperatures the elei 
Ironic heat conduction dominates. In general, thf 
thermal conductivity of a pine metal rises with de 
creasing temperature, achieves a maximum at 
about lO’^K or 20°K, and then decreases proper 
tionally to temperature. When a pure metal be 
comes superconducting, its thermal conductivit> 
drops appreciably. This characteristic might be 
expected from the fact that in the cooperathe 
states of the conduction electrons an individual 
electron cannot acquire a small amount of energ' 
at one place and give it up at another. Below Th 
the heat conductivity in the normal phase may b^ 
hundreds of times larger than that in the supor* 
conducting phase. Wires of lead have been used m 
a *‘heat switch” based on this fact. The switch i* 
“open” when superconducting but may be “closed 
by applying a supercritical magnetic field. 



The addition of 10% bismuth to lead not only re- 
j es the low-temperature thermal conductivity 
f [ also makes the normal state conduct heat less 
ell than the superconducting state (see Fig. 4). 
r r additional information on the thermal con- 
auftivity of metals, see Conduction ( he at ) . 
Influence on other properties. A number of 
roperties of pure tin above and below 
i« 373»K), in both normal and superconducting 
nha&es, are listed in Table 2. The properties in the 
normal phase below Tr were measured in a mag- 
netic field strong enough to destroy superconduc- 
initv. The magnitudes of the changes are typical 
of superconducting metals, although magnitudes 
widely with purity and element, and in some 
with crystallographic orientation. No changes 
Here observed in optical and infrared reflectivity 
and ab^^orptivily, x-ray and neutron scattering, 
beta-ray and positron absorption, and photoelec- 
tru and field emission. 

APPLICATIONS 

Production of magnetic field. The discovery in 
1%1 that the intcrmetallic compound Nb^Sn has 
in upper critical field on the order of 200,000 ocr- 
at the boiling point of helium opened up im- 
jHirtant possibilities in the use of superconducting 
Milenoids to produce magnetic fields. An electrical 
(iirrent in a solenoid wound from superconducting 
priiduccs a magnetic field without dissipating 
[Huser The strength of the field so produced is 
iillimately limited by H ,2 of the wire. (If the super- 



^'9* 4. The tkermQl conductivity of pure and alloyed 
In the normal and superconducting states, as a 
function of temperature. 


Supercmduclivlty 29F 


Table 2. Changes in phsfsical properties of pure tin bo* 
tween nermel (n) and superconducUng Q) statee 


Above Tt 


Below Tf 


Proper! y or effect T 

«3.8®R T 
N N 

« 3.6®K 
S 

r - 
‘ N 

2«K 

”5" 

Large change 

RcHistivily, 
ohm-cui X 101® 

5 

5 

0 

5 

0 

Prrnieubility, 
gauaa /oersted 

1 

1 

0 

1 

0 

Thcriiiiil conductivity, 
waU8/(cm)(®K) 


.'55 

54 

39 

23 

Specific heat, 
caW(mole)(°K X lOi) 

60 

60 

73 

13 

13 

Thcniioelectiic power, 
volts X 10» 

18 

15 

0 

2.5 

0 

Small ciiaiigc 

Volume V, 

riy)/r.v 

Elastic modulus E, 

{Es - Es)/Es 


5 X 10 » 

3 X 10-» 

8 X l0-» 

3 X 10-* 


conducting wire were Type I, the limit would be 
H,. Table 1 shows that high fields cannot he pro- 
duced by solenoids of Type I wire.) In practice 
it is also important that the critical current density 
he high. This is the maximum density of current 
for which there is no voltage drop along the wire. 
At higher densities dissipation of energy occurs 
liecausc of the motion of the quantized vortex lines 
desciihed in the section of this article on Ginzburg- 
Landaii equations. This dissipation is undesirable, 
not only because it wastes power and constitutes a 
load on the refi igeration, but more importantly be- 
cause it is apt to cause suflicient local heating to 
put a segment of wire into the normal phase. Once 
it is normal, the segment becomes very hot because 
of the intense cunent passing through it. Critical 
<*urrent density is enhanced by providing submicro- 
scopic inhomogeneities in the wire to inhibit the 
mol ion ol the vortices. It is greatest at low tem- 
peratures and at low fields. 

Magnetic fields up to 132,000 oersteds have been 
produced by superconducting solenoids using 
Nh^Sn. Fairiy high values of and high critical 
currents are also provided by alloys of niobium 
with zirconium or titanium. Wires of such alloys 
are easier to fabricate than those of NbaSn and are 
correspondingly cheaper. They are in routine labo- 
ratory use to produce fields up to about 70,000 
oersteds. Intensive research is being conducted on 
Type II superconductivity and on fabrication of 
wires^in the hope of producing stronger magnetic 
fields more cheaply. 

Computers. Efforts are being made to develop 
for practical use two applications of supercon- 
ductivity in digital computation. One plan is to 
store information in the form of the quantity or 
direction of magnetic flux trapped in a hole in a 
superconductor. Several variations of this scheme 
employ various techniques for placing and reading 
the flux. The other plan uses, superconducting 
switches. The attraction of these applications is 
the possibility that the devices may be made very 




compM^t id the form of thin films of supe^conduc^ 
ing metal See Chyotron. 

THEORY 

There now exists a soundiy based fundamental 
theory of superconductivity. This is the micro- 
scopic theory described later in this article. How- 
ever, some of the phenomenological descriptions 
devised before the microscopic theory are still m 
use because they are convenient for approximate 
calculations and because they can be mastered 
with less investment of time and effort than can 
the microscopic theory. Each of the phenomeno- 
logical descriptions is based on ad hoc assumptions 
which are intuitively plausible and from which a 
great many results can be derived Most of the 
results agree at least qualitatively with the experi- 
mental observations The microscopic theory has 
justified most of the assumptions of these descrip- 
tions from basic principles, at least as reasonably 
good approximations. 

Two-fluid model. The two fluid model of super- 
conductivity, introduced in 1934 by C J Gorter and 
H B. C Casimir, reproduces the principal thermo- 
dynamic properties of superconductors This model 
describes the conduction electrons in a supercon- 
ducting metal as constituting two interpenetrat- 
ing, noninteracting electronic fluids One — the 
superfluid component — does not interact with the 
crystal lattice or its imperfections, exhibits no 
resistance to flow, and is responsible for the char- 
acteristic superconducting properties This com 
ponent is in a condensed stale of zero entropy, in- 
capable of energy loss or trunspoit of heat Ihe 
other fluid- the normal component behaves as do 
conduction electrons in a nonsupei conducting 
metal This component is responsible for alteinat- 
ing-ctirrent resistance, for heat conduction, and foi 
the electronic contribution to the entropy Ihe rela 
live concentration of these fluids varies with the 
temperature so that the normal fraction A is zero 
at r « 0 and unity at T =- T 
At r* 0 the fiee-cneigy diflcreme /v(/) — 
Fs[TJI == 0) between the noinial phase and the 
supercondiiclmg phase in zeio niugnelic field is 
VHo^/^nj uheie IIq is the critical held at 7=0 
and F IS the volume of the sample At higher tem 
peratures the form /v — /s = 77”(\“ — 1) + 

(K7foV8ir)(\ — 1) IS assumed Here I yl is the noi 
mai electronic specific heat, and a is a constant 
chosen to fit the expeiimerital data At each tein 
perature the equilibrium value is that whic li mini 
mizes the superconducting tree eneigy Fs The choice 
>ield8 Aa-(7yr,)' and T, = HyJ\/2vy> 
which agrees moderately well with expeiiniental 
data. It also yiedds the parabolic form = 
//o[l - (T’/T'e)*!* •Sc^ FRFE hNfcKGV. 

The significance of this model is not only that it 
succeeds in fitting the data with a free energy 
expression, but also that it treats the supercon- 
ducting state as being in thermodynamic equilib- 
rium. The motivation for such treatment was the 
experimental observation that the latent heat of 
transition in a magnetic field is related to the 


shape of the critical field curve in the way 
by equilibrium thermodynamics on the assiml!^ 
of a reversible transition. The discovery offt 
Meissner effect, which shows that the traneitioo 
magnetically reversible, further supported ** 
equilibrium treatment. *** 

London aquations. An electromagnetic posty. 

late was added to the tno-fluid model m I 935 b 
I london and H London. It was natuial to assume 
that since the superfluid electrons encounter no re 
sistance, any changes of supercurrent density arc 
governed entirely by transient electric fields Ihus 

the time derivative —Jg was assumed to ecjual 


(n,eVm)E, where J, is the supeicurrent denmt> E m 
the electnc held, n, is the density of electrons m the 
supei fluid component, and e and m are the charge 
and mass, respec lively, of a single electron ComUn 
mg this acceleration equation with one of the gemrij 

equations of electrodynamics, — cufl E = H, and 

* dt 


integrating willi r-espect to time Irom an initial time 
/ogives -curl fj,(t) - J,{/o)]| = H(/) -H(f() 


In Older to provide a description in which the suptr 
current distribution is independent of the magmlu 
and thermal hislor) of the sample, as the Meisstui 
f fleet shows it to be, the Londons went \ stp[ 
beyond llu above equation h\ lutioduung llu 

postulate —curl When the two fluid 


assumption is made that the total cuirenl den‘'il\ J 
IS the sum ol J, and the normal cm rent densiu J 
and that the normal elec irons ohev Ohm’s Uw (J 
crE, where cr is the norm il eleiliical i ondui livil\) 
the london equations loi the total (uirenl htccur 


1 / w „ ma d-- 

-ciirl( ,J) -H 

\n,t“ / dt 


me d 
rise" dt 


The second of these equations amount to a stair 
nient of the perfect conductivity of supercondut 
tors since it implies that the elcctiic field i** zero 
for static conditions 

By (omhuiiiig the two London cc{uatioiis with Max 
wi'll’s e<]uations of electromagnetism and with the 
boundary conditions on the cuirent through the siir 
face of the superconductor, it is found that both H 
and E deciease exponentially from the surface mlo 
the interior The distance in which the natuial lopa 
rithm of the held strength decreases by one is called 
\ and IS the penetration depth mentioned earlier h 
the London theoiy X has the magnitude (/ii/4irn«c*) 
Insertion of appropriate numerical values leads 
X = 2 X 10“® cm, a figure which is found cxperiinen 
tally to be of the right order of magnitude. „ 

The London equations lead to a ‘‘complex® 
Meissner effect, since they require that magnet*® 
fields are excluded from all but a very thin surfa^ 
layer Thus, they well describe superconductors m 
magnetic fields that are too weak to pen^rate 
But they do not satisfactorily describe the 



rtliaie state of Type I superconductors nor the 
state of Type II superconductors. See Max- 

artl’S FQIJATIONS. 

Nonlocal theory. A generalization of the London 
1^1 introduced in 1952 by A. B. Pippard. 
^ London model is known as a local theory be- 
the ^upercurrent at a point is governed by 
!hp magnetic field at that point alone. Pippard pro- 
rtsrtl a nonlocal postulate in which the supercur- 
leni at a point r is the sum of contributions from 
r m its neighborhood. 

' ]^e fundamental innovation of the Pippard 
iheoi' *** concept of long-range coherence of 
liiP state of the huperconducting electrons. The 
idpa I*' that the effect of any local disturbance is 
.pread out, decreasing with distance at a rate char- 
Kteri/ed bv a parameter called the coherence 
.ibtaiue The coherence distance is presumed to be 
liiiitted bv a combination of (1) the scattering of 
^iiperelei trons by defects and vibrations of the 
.rssialline lattice and (2) the scattering of elec- 
ron^. h\ other electrons through the intei action 
ituit < diises the cooperative states of the electrons to 
lii\p lower energies than the normal states. Scat- 
ffrinn heie jefers to interactions occurring within 
tlif* pdilcin of a cooperative stale, not to disrup- 
II di" of the eooperalive motion. 

Ibi^ model dc<*ommoddfes the observed depend- 
• ii(( of [)enelrdtion depth on electronic mean 
path and on applied magnetic field strength. 
I' ,iUo a(((»imts for the obseived sharpness of the 
iipfnoniliH ting tiansition at T, in puie samples. 
Pi* ^ ll^lal)J\ the tiansition would be noticeabU 
broadened b\ statistical flue tiialions of teinpera- 
iijre 111 local regions witViin the sample unless 
sipen onduc’tivitv involved some sort of cohciencc 
•v«r a distance of at least 10 ^ciii. Moreover, it 
I'MiiuUs for the existence of positive suiface en- 
al the interfaces between normal and snper- 
ondiHting lamellae in a T>i)e I superconductor in 
'll* inlerniediate slate. 

Ginzburg-Landau equations. A phenomenologi- 
al theurv c'ontaining radical innovations was in- 
nuliurd in 1950 by V. L. Ginzburg and L. D. 
^dndau. Their model was designed to be able to 
the situation at interfaces between super- 
"iiduding and noimal regions such as occur in 
intermediate state of Type I superconductors. 
I* tinned out also to give the first description of 
iip mixed slate of Type II superconductors. 

The Lin/burg-Landau theory, like the older two- 
•'ud model, assumes a form for an expression for 
ree energy in terms of a parameter that describes 
degree of condensation of the system into an 
‘tdered state, and it identifies the super fluid den- 
til with the degree of condensation. But the 
'inzburg-Landau order parameter ^ is a complex 
'**niber that varies with position within the super- 
ondurtor; the real number is interpreted as 
‘^^portional to the superfluid density. Although the 
oinpiex order parameter is not a quantum me- 
hanical wave function, it is assumed to have 
properties that are characteristic of a wave 
Unction. Its gradient is interpreted as a measure 


of superfluid momentum density, and the postu- 
lated expression for free-energy density includes 
an additive term proportional to \ih\ grad — 
V' — eA^I", in analogy with kinetic energy in wave 
mechanics. In this expression A is the vector po* 
tential (curl A « H), e the charge on an electron 
in electromagnetic units, and A Planck’s constant h 
divided by 2ir. The supercurrent density Jn at a 
point is expressed in terms of the value.s at that 
point of grad and A. 

The equilibrium form of ^ as a function of 
position is assumed to be that which minimizes the 
total free energy of the sample. An equation con- 
taining the equilibrium ^ and grad with A as 
a parameter, is derived from this assumption. The 
electrodynamical relation between current density 
and vector potential is combined with the expres- 
sion in this theory for J« to give another equation 
in grad A, and curl curl A. These two 
simultaneous differential equations in ^ and A, 
together with boundary conditions, describe the 
slate of the samjile at equilibrium. The equations 
are nonlinear and are difficult to work with, but 
solutions have been obtained for some particular 
situations. 

The (/inzbutg-Landaii model is nonlocal in the 
sense that llic piesence of grad ^ in the free- 
energy expression ensures that a local disturbance 
affects the equilibrium tp function throughout some 
neighborhood of the disturbance. The minimum 
spatial extent of such an effect is characterized 
bv a length again called the coherence distance. 
Another characteristic length appears in solutions 
of the Gin/burg-Lundau equations. Its role is 
similar to that of the magnetic penetration depth 
of the London theory, and it is denoted by A. Both 
^ and A depend on coefficients in the expression for 
free energy. When $ is greater that A, the sur- 
face energy of an inter fac*e between normal and 
superconducting regions is positive, and the mate- 
rial IS of Tvpe I. When $ is less than A, the surface 
energy is negative, and the material is of Type IL 

In the lattei case the Gin/burg-Landau equations 
have a solution, published by A. A Abrikosov in 
1957, in which the order parameter vanishes along 
certain lines which pierce the material in the 
direction of the applied magnetic field. Along any 
path which encloses such a line the phase of \p in 
the complex plane goes full circle. The core region 
near the line, where the amplitude of tp varies 
rapidly, forms a vortex of the momentum flow. 
Circling around the vortex line there is a super- 
current flow, which is very intense near the' core. 
This circulating current produces a bundle of mag- 
netic flux centered on the line. The amount of flux 
associated with each line is 2.06 X 10^^ gau8s*cm^. 
The lower critical field Hii is the value of applied 
field at which it becomes energetically favorable to 
form a few «uch vortex lines rather than to ex- 
clude magnetic flux entirely from the interior of 
the sample. As the applied field is increased be- 
yond Heu the equilibrium density of vortex lines 
increases. The limiting density of packing of vortex 
lines, beyond which the free energy is minimized^ 
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by the normal state of the metal, is reached at 
In stronger fields the Ginzburg-Landau 
equations have only the solution ^ 0. This de- 

scription by Abrikosov has predicted the mag- 
netiaation curves of alloys quite accurately. 

Mierotcopic (BCS) theory. The basic theory of 
superconductivity was developed in 1957 by J. Bar- 
deen, L. N. Cooper, and J. R. Schrieffer. It is com- 
monly called the BCS theory. In the pre$ient state 
o{ refinement of the theory, the spectrum of ener- 
gies of the cooperative states of the electrons in a 
metal can be computed in considerable detail 
from a few empirical data. The required input data 
are the frequencies of the lattice vibrations in the 
metal, the strength of the interaction l)etwecn 
these vibrations and the conduction elec'trons, and 
the contribution of the conduction electrons to the 
specific'heat in the normal phase. 

The theory is a long and complicated exercise in 
quantum mechanics, as is to be expected since it 
treats highly coopeiative states of an astronomi- 
cally large number of electrons. The st liking suc- 
cess of the BCS treatment is that it uses a model 
which is a sufficiently accurate descTiption iif the 
facts so that it yields the characleristi< features 
of superconductivity, but which is simple enough 
so that approximate calculations can lie made 
which relate experiincntallv obseivable quantities 
to each other. The agreement between expeii- 
mental and theoretical relations has been exctdlenl. 

The development of the BCS theoiv was guided 
by the experimental observation in 19.50 that T, 
in a chemically pine sample of an element depends 
on the average isotopic mass of the sample. The 
masses of the ions in the lattic e can onlv affect the 
frequencies and amplitudes of the lattice vibra- 
tions, The isotope effect thus strongly suppoticd a 
suggestion that supeiconduc livity is somehow due 
to interactions between conduction elections and 
lattice vibrations. 

The microscopic lheoi> of supen onduclivity is 
based on the idea that as a londiiclion electron 
passes through the lattice of ])ositivc ions, it at- 
tracts them, causing them to move tern poi aril v to- 
ward the track of the electron. This distortion of 
the lattic‘e creates a legion of relatively low po- 
tential energy for unv other electron that happens 
to pass through the track of the first elec'lran at 
the proper time. Thus, the response of the lattice 
to electron motion produces an effective inteiaction 
between electrons, operating in addition lo their 
mutual electrostatic repulsion. In the original BCS 
theory this effective interaction was approximated 
by a mutual attraction of the conduction electrons. 
The theory was later expressed in a more advanced 
formalism in which the time relationship in the 
passage of the two electrons is taken into account 
explicitly. The BCS theory shows that if the ef- 
fective attraction is stronger than the electro- 
static repulsion, the material is a superconductor 
at sufficiently low temperatures. depends on 
the strength of the net effective attraction and on 
the density of energy states of the conduction elec- 
trons in the normal metal. This density is measured 


by the specific heat in the normal phase. ! 

The BCS theory describes quantum-mecli ■ 

cally those states of the system in which th 
duction electrons cooperate in their motion* 
to reduce the total energy by exploiUng theJ V 
fective mutual attraction. The statistical av ^ ^ 
of the amount of cooperation decreases 
creasing temperature and vanishes at T,. 
wave function of a superconducting state the t 
operation appears in the form of- a “pair 
function,” which is a function of the coordinalesTf 
two electrons. The exclusion principle of quanta! 
mechanics implies that the effectiveness of the 
mutual interaction of a pair of electrons is redurfd 
bv the presence of other electrons in the syqi^ni 
The pair wave function is so defined that the effea 
on total energy produced by the interaction of dn> 
two electrons in the actual system is the same 
the effect that the same interaction would ha\e on 
the energy of an isolated pair of electrons if tlie\ 
were in the state desciibed Ujr the pair 
function. In coo])erative states of the whole 
the pair wave function has large amplitllde•^ lor 
configurations in which the two elecirons are (Iom 
together and have !)pposiie spins. I.arge amplirud* 
means gieater-than-random probability of ihrsf* 

( cmfigurations occurring, and thus a lowerinti of 
the total energy of the state if the electrons etTn 
lively dlliai t each other. The function whidi a- 
signs to each position the value whi<h the pair 
wave function has when both members of the pair 
are at that position and have opposite spins i- 
called the c enler-of-mass wave function. This (oni 
ple\ function is firoportional to the i oniplex o iltr 
paranieler ^ postulated in the Cin/burg-banddii 
theory. The square of its amplitude desciilies al 
ea<'h position the Ic^al degree of coopcialion in 
the state of the electfoiis. 

Two elections can be added to any of the coopeia 
tive states of the svslem in such a wav that ili 
degree of ('oopeiation is unchanged. Such addition 
requires essentially the same energy as would .id 
dilion to a normal slate of the same material 
Adding them in any other way paitiallv disrupt' 
the cooperation. The minimum energv for di^iup 
live addition is greater than the energv for coop 
ei alive addition, by an amount which is propor 
tional to the amplitude of the center-of-mass waK 
fuiution. This amount is denoted by 2|AI and i" 
called the energ> gap. Typically it is of the order 
of 10 * electron volts. The phase of the center-of 
mass wave function is (Mistomarily assigned to the 
energv A, which is then called the complex gap 
function. A single electron can be added onl> 
ruptively. The required energy is greater by at 
least IaI than the energy per electron required in 
cooperative addition. Electrons can be excite 
from cooperative into disruptive participation, ou 
only in pairs. The theory predicts that microwave 
or infrared radiation should be absorbed strong' 
at frecpiencies for which the quantum of r*wia 
energy is greater than 2lA| and weakly at 
frequencies. Experiments have verified thla 
tion. Measurements of electron tunneling 




Fig. 5. Energy gap as a function of temperature in 
theBCS theory. 

Jem ribed in the next section, have verified that the 
minimum energy of disruption in adding or suh- 
irarling a single electron is |A|. These tunneling 
mraiuremenls provide an easy method of determin- 
in': A'. The variation of energy gap with tempera- 
iirt* predicted by the BCS theory to have the 
form shown in Fig. fi. At T = 0 the theory pre- 
(licf- 2A' = kT,^ where k is the Boltzmann 
(Oiistani (1.38 X l(>“^^'erg/®K). This relation 
a«neTH with measurements on most superconduc- 
Iftr'i; hut for a few, called strong-coupling super- 
iondnrf<»r‘<. the experimental value of the niimeri- 
dii coefficient is greater by as much as 20 per cent. 

The few electrons which {)artici])ate disriiptively 
in a superconducting state are subject to having 
iluir motion disturbed by scattering from defects 
and \jhratioii.s of the lattic^e in the same way as 
'onduciion electrons in the normal metal, since 
there no ininimum energy price for such dis- 
turbance. They behave like normal electrons, as 
IHtsrulated in the two-fluid model. For a pure metal 
the theory also predicts the electromagnetic be- 
liavior of the electrons that are participating con- 
"inictivcdy. They form a supercurrent which is 
dcscriljcd by an expression almost indistinguish- 
able from the one postulated by Pippard in the 
nonlocal theory. 

Jhe BCS theory implies that the magnetic flux 
tra|)ped in a hollow superconducting cylinder must 
an integral multiple of ^/2e (= 2.06 X 10" 
. This restriction is a consequence of 
*be fact that the phase of the complex center-of- 
nmss wave function must change by an integral 
multiple of 27r along any closed path which lies 
"ffbin the superconductor. Trapped flux has been 
iuund experimentally to obey this quantization 
*■016. The theory gives accurate expressions for the 
tbermodynamie properties of a superconductor, 
mrluding ff,., in terms of Tc and y. 

R'^fineinents of the theory indicate that if a 
superconductor contains impurities that have lo- 
<^alized magnetic moments, some modes of dis- 
ruption of the electron cooperation exist for which 
cost in energy is less than [Aj per disrupting 
electron. Such a material is called a “gaplesS 
superconductor,*’ though it would be more de- 
®<^nptive to say th&t in a superconductor of this 
^ype die energy gap is only partially empty. See 
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Lattice vibrations; Quantum theory, non- 

RELATIVISTIC. ^ 

TUNNELING EXPERIMENTS 

The microscopic theory suggested two types of 
experiments involving tunneling by electrons. Tun- 
neling is a quantum-mechanical phenomenon which 
permits a very weak current of electrons to flow 
between two conductors separated by a sufficiently 
thin layer of insulating material. 

Josephson tunneling. It was pointed out by 
B. D. Josephson in 1962, and subsequently verified 
experimentally, that if the metals separated by 
such an insulating layer are both in the supercon- 
ducting phase, there can be a tunneling current 
even if there is no potential difference between the 
metals. A pair of electrons can pass from construc- 
tive participation in a cooperative state on one side 
of the barrier to similar participation on the other 
side. The direction and magnitude of the flow 
depend on the relative phases of the center-of- 
mass w^ave functions on the two sides. If the con- 
vention is followed that the phase angle proceeds 
in the negative direction as time progresses, the 
electrons tunnel toward the side of more positive 
phase if the phase difference is small. The tunnel- 
ing current is proportional to the sine of the phase 
difference, so it reverses whenever the phase dif- 
ference is increased by tt. 

If a very small voltage difference is maintained 
between the two sides of the barrier, the phase of 
the pair wave function changes more rapidly on 
the side of negative voltage. Consequently, the 
Josephson current should oscillate. Its frequency 
.should he 4.836 X 10’ * cycles per second per volt 
of potential diff«!rence. Such oscillations have not 
been observed directly, but effects attributable to 
them have been reported. 

Dissipative tunneling. If electrons enter or leave 
a S' ncrconductor individually rather than in pairs, 
the arrival or departure of each electron partially 
disrupts the cooperative motion. Individual elec- 
trons can tunnel into or out of a superconductor if 
the energy foi- the disniplion is su]>p1ied by a po- 
tential difference maintained across the barrier. A 
steady voltage thus causes a direct current to flow 
(as well as the high-frequency Josephson current 
which is predicted if superconductors are on both 
sides of the barrier). The shape of the plot of 
this dissipative current as a function of driving 
voltage disclo.ses many details of the cooperative 
Ktates^of the electrons, including the amplitude of 
the gap function. [c. B. yntema] 

Bibliography: F. London, Superfluids^ voL 1, 
1950; E. A. Lynton, Superconductivity, 1961; 
J. R. Schrieffer, Theory af Superconductivity, 1964; 
D. Shoenberg, Superconductivity, 1952. 

Superfluidity 

The strange'' frictionless flow of matter observed in 
liquid helium below 2.186 ‘’K, the \ point of helium ; 
also, the flow without riesistance of electric current 
at sufficiently low temperatures in certain solids 
(superconductivity). Liquid helium can flow wift- 



^ Wf friction throm^ bUh so small 

tlMH OT^ttnary liquids and even gases ean hardly 
imss thxqliil^ This strange fluid state also exhibits 
a treary and unusual heat conductivity, a unique 
kiiid of mm flow, a thermal wave motion called sec- 
ond sound, and a thermomechanical effect result- 
ing in certain cases in the so-called fountain effect. 
In a superconductor an electric charge can pass 
without any measurable voltage between its ends. 
The extent to which the flow of electric current in a 
superconductor is frictionless has been demon- 
strated by an experiment in which a persistent elec- 
tric current has been observed to flow without 
measurable decrease in amplitude around a super- 
conducting lead ring for over 2 years. The super- 
fluid state is of particular interest to physicists 
because it represents a long-range order in the mo- 
tion of the particles (order in momentum space) 
instead of the usual order in the arrangement of 
the particles (order in position space) found near 
the absolute zero of temperature in all other sub- 
stances. The superfluid state can be explained onlv 
in terms of quantum mechanics and represents a 
macroscopic or large-scale quantum state In the 
case of liquid helium, this has been dramatically 
demonstrated by the theoretical prediction and the 
experimental observation of quantized rotational 
flow. Superfluidity in liquid helium is thought to be 
related to the condensation occurring at low tern 
peratures in a theoretical, ideal, Bose-Einstein gas 
Indeed, superfluidity is not observed in the rare 
isotope He"* which, unlike He^, obeys the Fermi 
statistics instead of the Bose Einstein statistics 
See Bosf-Einstfin statistics; Hfliitm, iiquid; 
SUPFnrONDUCTIVITY 1 W M 1 AIRllANK | 

Supergiant star 

A member of the family containing the intrinsicall\ 
brightest stars, populating the top of the Hertz 
sprung-Russell diagram (see Star) Supergiant 
stars occur at all temperatures, from 30 000 to 
3,000®K, and have luminosities langing fiom 10 ‘ 
to W times that of the Sun The hot supergiants 
have radii 20 times the Sun The c ool supergiants 
arc the largest known stars, reaching several thou- 
sand solar radii. Among the bright siipergidnts are 
Deneb (or Cygni), Rigel (j8 Orionis) and Betel- 
geuse (a Orionis). Because few have masses ex- 
ceeding 20- 40 Suns, the ratio of luminosity to mass 
is high. TTiermonuclear energy sources will there- 
fore be rapidly exhausted, hydrogen being con- 
sumed in a time scale of only 1 to 10.000.000 years. 
The supergiants are thus young but rapidly evolv- 
ing massive stars. Nearly all are slightly variable 
in light and radial velocity, have highly turbulent 
and extended atmospheres, and show broadened 
spectral lines. f j. i . (.rf f nstun"! 

Superheater 

A component of a steam generating unit in which 
high-pressure steam, after it has left the boiler 
drum, is heated above the saturation temperature in 
order to increase the enthalpy of the steam before 
It is delivered to an engine or turbine. The amount 
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steam output, percent of boiler capocity 

When convection and radiant superheaters operate m 
series, final steam temperature is uniform over a wide 
range of rotes of steam generation. 

of superheat acquired is anticipated bv design, and 
depends primarily upon the extent of siiperheater 
surface installed, as well as on its location in the 
unit The superheater mav consist of several stagp> 
the final temperature being attained in section^* c\ 
posed to high-temperature portions of the ga*. 
stream, or to the combustion zone of the fiiinui 
The primary or initial stage of a superheatn 
usually consists of a tube bank, formed of parallel 
loops set on relath el V close spacing, which an 
swept by gases that have gnen up some heat to the 
final stage of the sj^erheater. In such a bank M 
tubes the transfer of heat from the gases is pre 
dominantlv by convection and the section is re 
ferred to as a convection supei heater. 

For the highest outlet steam temperature thi 
final stage of the suiierheater is located closer t 
the furnace. In some designs the tubes form pari 
of the furnace enclosure, and in others piojert inl« 
the furnace cavity as loops or platens on wide lat 
eral spaejing Heat transfer to the elements occur 
primarily by radiation, and such arrangements an 
known as ladiant superheaters 

Since the temperature characteristics of the«< 
extreme types differ, as operating rate is varied oi 
the unit, It is frequently advantageous to combin( 
them in senes for obtaining more uniform outle 
steam temperature over a wide load range (as d 
liistrated) Intermediate characteristics are ap 
proached when fuel conditions permit arrangmi 
the superheater bank for both effective radialioi 
and convection transfer. See Steam cenfraW] 
UNii; Steam tempfrature control 

Superheterodyne receiver 

A receiver that uses the heterodyne principle 
convert the incoqiini| modulated radio-frequ«0^ 
signal to a predetcuitlW lower carrier 
called the intermedia^frequency (i-f ) value. Tm 


by oscillator that is tuned 

^ ulnJusly with the input stage of the receiver, 
the oscillator frequency will always difier 
to® that of the incoming carrier by the i-i value 
principle) . 

With a fixed and favorably chosen i-f value, the 
( amplifier can efficiently provide the major por- 
Iion of the amplification and selectivity required by 
the receiver. After amplification, the i-f signal is 
demodulated by the second detector to obtain the 
desired audio output signal. A similar circuit ar- 
rangement is used in television and radar receivers 
to obtain the desired video output signal For radio 
broadcast receivers the i-f value is usually 455 kilo- 
(^rles. See Radio receiver. fj. markus] 


Supernova 

\ star that suddenly bursts into great brilliance, as 
a result of the greatest explosion known to man- 
kind \ supernova probably forms when a whole 
.tar blnw*» up instead of just blowing off a small 
imoiint of its atmosphere, as does a galactic nova 
urr Now). At maximum, the supernova is often 
IS bright or brighter than the total light of the 
^dliw in which it occurs. 

More lhan 50 siipernovae have been observed, but 
)nl\ 3 of these are definitelv known to have been 
members of our galaxy. Most of the others are lo- 
( ited in external svstems ; there is doubt about a 
tev^ of the older and less authenticated records. The 
flint lings of filamentaiy nebulae photographed 
Mih large telescopes may be the remains of super- 
Mn\d(* whuh appealed in our galax> many cen- 
ago Tl has been estimated that a galaxy such 
i^ourn will average one supernova in 200 vears. 
Characteristics. Supernovae are distinguished 
fnnn galadic novae by their greater amplitudes, 
iliPir bright absolute magnitudes, and their peculiar 
'pp* tra Siipernovae seem to he of two general 
Type T is distinctive and the members show 
differences. Type TI is less easily recognized, 
jnd voine siipernovae of type II may be peculiar 
iiiliKlK novae instead. 


I vpe / A type-I supernova has an absolute mag- 
nitude at maximum of at least —16. All members of 
‘lip gioup have similar light curves, so uniform that 
Jt I*' possible to extrapolate the whole curve from 
fragmentary data. The curve shows a rapid rise fol- 
l»v\ed hv a rapid decrease for about a month, after 
"birh it begins to approach a slower but steady 
dp( line The spectra are formed of extremely broad, 
'^Happing bright lines, conspicuous just before 
maximum. Their widths suggest velocities of ex- 
pansion of 10,000 km/sec. These lines have not as 
been satisfactorily identified. After maximum, 
narrower emission lines of neutral oxygen appear, 
J'nich indicate a velocity of about 1000 km/sec, 
generally agreed that typc-I supcmovac arc 
nvdrogen-poor but arc rich in heavy elements. 

T’ypc //. Xhe light curves of supernovae of type 
‘ ^ary considerably with the individual. In general, 
^ney have a slower decline than the supemovae of 
hpe I, and have a marked period of coitstant 
°^‘sbtiie88 on the decreasing slope of the curve. 


Before and at maximum, the spectra of type-II 
supernovae are continuous and show no emismn, 
but about a month later, wide emission lines de- 
velop. They have been identified as being due to 
hydrogen and nitrogen (N III) . 

Supernova of 1054. The three supemovae 
known to be members of our galaxy appeared in 
the years 1054, 1572, and 1604. The supernova of 
1054 (CM Tauri) was observed by Chinese and 
Japanese astronomers and for 2 years was visible 
to the unaided eye. Surprisingly, no European rec- 
ords of it have been found. The nebulous remnants 
of the supernova began expanding at the time of 
the explosion and now, 900 years later, are seen as 
a spectacular nebula ( 5 ec Crab nebula). 

The Crab nebula is still expanding at the rate of 
0.21 seconds of arc per year. N. U. Mayall has de- 
termined from radial velocity measurements that 
the rate of expansion is 1300 km/sec. The Crab 
nebula coincides with a powerful continuous radio 
source, which probably is from the combination of 
the filaments and the central star, which is about 
sixteenth magnitude. J. H. Oort concludes that if 
the Crab nebula continues to expand at the same 
rate, about 30,000 years from now it will resemble 
the great Veil nebula in Cygnus. The speculation 
follows that the Veil nebula is the remnant of a gi- 
gantic supernova explosion which occurred 30,000 
years ago. Expansion measured in parts of the neb- 
ula hear out this theory. 

Other observations. The supernova of 1054 
probahiv reached apparent magnitude —6, which 
at its distance of 4000 light years corresponds to 
an absolute magnitude of —16. If the star of the 
Veil nebula i cached the same luminosity, its appar- 
ent magnitude must have been —9 and was brighter 
lhan the Moon at first quarter. 

The supernova of 1572, jS Cassiopeiae, known as 
Tycho’s nova, reached a maximum of —4.0. No 
faint star has been identified in its position, and its 
range must have been more than 22 magnitudes. In 
1956, R. Minkowski found faint nebulosity near the 
position and a radio source was observed in 1952 
by Hanbury Brown and C. Hazard. P Cassiopeiae 
was almost certainly a type-I supernova, from the 
descriptions of its color and light curve. 

The supernova of 1604, V843 Ophiuchi, known as 
Kepler’s nova, has a well observed, type-I light 
curve, with a maximum at —2.2 magnitude. No 
faint star or radio source has been found in its posi- 
tion. However, a faint nebulous patch is seen 
nearby and Minkowski obtained spectra of it in 
1943.* The spectrum is like that of the Crab nebula 
and other type-I supemovae. It shows emission 
lines of oxygen and nitrogen but is hydrogen-poor. 

Another possible remnant of a galactic supernova 
of the past is the great hydrogen alpha ring of 
nebulosity that almost surrounds the constellation 
of Orion. Emst Opic called attention to it in 1953 
and compared it with a similar nebula in the Large 
Magellanic Cloud, which he said is almost cer- 
tainly the remains of an old supernova explosion. 
Other galactic supemovae may be found among the 
many bright temporary stars noted in early Oiieinr 
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Ul fecovds. ‘Unexplained radio sources also may be 
from aupemova remnants. See Vakiable star. 

[m. w. mayall] 

Superposition, principle of 

In classical wave theories (optics, acoustics), as in 
all theories characterized by linear homogeneous 
differential equations, the sum of any number of 
solutions to the equations is another solution. Thus 
(assuming onc-dimensional waves for simplicity), 
the amplitude of the resultant wave at a point x 
and time t is the linear superposition of the am- 
plitudes of all waves reaching x at time t. This 
fact, known as the principle of superposition, of- 
ten also is taken to mean that if each of ^i(x) 
and are possible waveforms at t » 0, then 

any linear combination ^(x) » + 02^2 i^ & 

possible waveform at t « 0. This latter version is 
not a consequence of the linearity of the differen- 
tial equations, but rather is an affirmation of the 
belief that the waveform can be chosen arbitrarily 
at any initial instant. Conversely, if Uu(x,t) is the 
solution which at t « 0 equals ttn(ic) — w»(^c,0), 
and if Un{x) are a complete set of functions, then 
any wave ^(jc ,0 which at t *= 0 equals ^(x) can 
be written in the form 

^(*.0 ” H f’nUn(x,t) 

n 

where the constants Cn aie detei mined from the 
equation at t 0. See Wavp mo 1 ion 

The preceding paragraph holds equally well for 
quantum theory, where the wave function ^(jr,e) 
obeys the linear homogeneous Schnidinger equa- 
tion. In quantum theory, however, because the ^ave 
function represents physical states, the principle 
of superposition has a profound signihcance In 
particular, if the observable A is certain to have 
value oi in the state represented by «i, and is cer- 
tain to have value crj in the stale represented bv 
U2f then ctUi + represents a state in whic h 
measurement of the observable A is certain to yield 
either precisely «i, or else precisely orj. Thus, be- 
cause probabilities are proportional to su- 

perposition accounts for phenomena which are dif- 
ficult to understand from a classical viewpoint. For 
example, suppose ui represents a beam which 
passes through only one of a pair of slits, and uj 
represents a beam emitted from the same source, 
but directed at the second slit. Then ip = ciiii + 
C2U2 is the wave function in a double slit experi- 
ment, with |cjp, |c2|“ the relative intensities of the 
two beams, that is, |ci|-, are the probabilities 
that particles (photons in light beams, electrons 
in electron beams) reach the viewing screen via 
slits 1 and 2, respectively. The beam intensities can 
be made so low that only one particle reaches the 
screen each second, which particle (according to 
the classical viewpoint) must have come either 
through slit 1 or slit 2. Nonetheless, the proba- 
bility of observing a particle at a point y on the 
viewing screen is \\p{y)]^ “ |ciiii(y) + 021*2 (y)l% 
wherein the two beams interfere. See Quantum 
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SuperfMsition theorem 
(electric networks) 

This theorem may be stated as follows: in an !• 
ear bilateral network containing generators^ it 
current flowing in any branch is the sum of the r 
rents which would result from each generator 
ing independently, other generators being 
at the lime by their internal impedances. Uw? 
bilateral networks contain elements that have 
ear current-voltage relationship and that transmit 
energy equally in either direction. Resistors, ta 
pacitors, and inductances are linear and bilateral 
Electron tubes are nonlinear and unilateral. Super 
position is not permissible if the elements are not 
constant For general theory of circuits see Altfr 
NAIINC-rtJRRFNT flRLLiIT THEORY. 

The principle of superposition is one of the moq 
important theorems in network analysis It is par 
titularly useful in proving other theorems, but it m 
not often used for circuit calculatibns. 

When a linear bilateral network contains onb 
generators of the same frequency, the actual our 
rent in anv branc h is the phasor sum (or the algp 
braic sum in the case of instantaneous values) of 
the individual currents due to the individual gen 
erators. 

When a linear bilateral network contains gener 
alors of different frequencies, the principle of 
pcrposition permits a solution to be obtained foi 
each frequent y separately. The individual c unenis 
due to the individual generators should be e\ 
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Fig. 1 Network containing two voltage generators 



Fig. 2. Network containing two current generatort* 




. ill time finctione (instantaneous expres- 
•’i before thev are combined. 

'r' re 1 ebows a network with two voltage 
iters of the same frequency. The internal 
^Hsncc of generator Ei is Hi and that of gen- 
"*1^, f. is Ha. With Si and Sa open, it is desired 

find 

generator Ez replaced by its internal im- 
, „cP Ha (Ha is made inactive by having Sa 
IloMid)- the currents due to Hi are 


r.-VJ! 

^ith generator Hi replaced by its internal im- 
pedame Hi (Hi is made inactive by having Si 
|o.ed I , the currents due to Ha are 




-0.5/^ 


0.5/0^ 


I he actual currents due to both generators are 

It = I'l + r'a - 2/0^ - 0.5/0® = 1..5/^ 
l4= I'i fr'i- 1/0® -0 

1, - I's + r's = 1/01 -I- 0.5/0^ - 1.5/0“ 


1h( iioHcr dissipated in Hr, only is. 

P - /r,=Hr, = (1 5)- X 10 = 22.5 watts 


WpawaartuNAtoii MS 

Tj « 2/0^ 1^ - r J 

With generator h replaced by its internal im- 
pedance R\ (/i is made inactive by having St open) , 
the currents due to h are 

r'4 « 1/^ = -0.5/(f I"5 - 0.5/0^ 

The actual currents due to both /i and h are 

1 3 = I '3 + I "3 » 2/0® - O.sS^® - 1.5/0^ 

1 4 - I'4 + - - 1 /^ + 1/0® - 0 

Is * I's + I"6 = 1/0^ + 0,5/Cr - 1.5/^ 

Figure 3 shows a network with two generators 
of the same frequency. The internal impedance 
(series impedance) of generator £i is /?i and the 
internal impedance (shunt impedance) of gen- 
erator /j is /fj. With Si open and S 2 closed, find 
Ij. It, and Ifs. 

With generator I 2 replaced by its internal im- 
pedance /?j (5j open), the curients due to Ei are 

30/0® 

I'a = * 2/0^ « -1/jf I'5 - l/Ol 

With generator Ei replaced by its internal im- 
pedance Ri {Si closed), the cuirents due to I 2 are 

I "4 - 1/0® I "3 » -0.5/0® r'fi * 0.5/0® 


it is not 


The actual curients due to both Ei and I 2 are 


I' Rz + /V/?5 = 1- X 10 4 (0 5)-= X 10 
= 12.5 watts 

Ihd! IS the piinciple of superposition does not 
11 >1(1 foi power, because power is a quadratic func- 
II' n insfcdd of a linear function of current 
hpnrc 2 shows a network with two current 
^TifiiUos i>f the same frequency The internal 
nippflanfe (shunt impedance) of generator /i 
' A’ I uid that of generator 1 2 is R 2 , With Si and 
^ ilosed It IS desired to find Ii, I|, and Ir, 

generator 1 2 replaced by its internal im- 
if-diiKp R 2 (1, is made inactive by having S 2 
•I'pn) the currents due to /i are 

A /«i-5 c 



Network containing one voltoge generator 
current generotor. 


I 3 = I'a 4- r'a » 1.5/0® I 4 - I'4 + r '4 - 0 
l6» I'5+ I"5» 1.5/^ 

See Nliwork thfory, kllcirkal. [k. y. tangJ 

Supersaturation 

A solution is at the saturation point when dissolved 
soliiti" in It crystallizes from it at the same rate at 
which it dissolves. Under prescribed experimental 
( onditions of temperature and pressure, a solution 
ran contain at •saturation only one fixed amount of 
dissolved soliiti,. However, it is possilde to prepare 
iclativelv stable solutions which contain a quantity 
of a dissolved solute greater than that of the satura- 
tion value provided solute phase is absent. Such 
solutions are said to he supersaturated. They can 
be prepared by changing the experimental condi- 
tions of a systepk so that greater solubility is ob- 
tained, perhaps by heating the solution, and then 
carefully returning the system to or near its qrigi- 
nal state. The addition of solute phase will imme- 
diately relieve supersaturation. Solutions in which 
there is no spontaneous formation of solute phase 
for extended periods of time are said to be meta- 
stable. There is no sharp line of demarcation be- 
tween an unstable and a metastable solution. In 
fact, the latt^ is poorly defined and much influ- 
enced by maify factors such as mechanical shock 
and the presence of minute quantities of foreign 
materials. The process whereby initial aggregates 
within a supersaturated solution develop spontane- 
ously into particles of new stable phase is known 
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BB Qudeiition. The greater the degree of supereatu* 
ration, the greater will be the number of nuclei 
formed. This ia a condition to be avoided in gravi- 
metric analyBia because of the formation of many 
Bmall crystals which tend to coprecipitate exces- 
sive amounts of foreign ions by virtue of their great 
surface area. See Equilibrium, phase; Gravimet- 
ric ANALYSIS; Nucleation; Precipitation (chem- 
istry) ; Saturation of solutions. [l. cordon] 

Supersonic diffuser 

A passive compressor in which gas enters at a ve- 
locity greater than the speed of sound, is deceler- 
ated in a contracting section, and reaches sonic 
speed at a throat. 

Operating principle. Ideally, supersonic diffu- 
sion consists of an iscntropic or constant total pres- 
sure compression or deceleration of the flow from 
the free-stream Mach number to a Mach number 
of unity (or sonic velocity) in the throat. Super- 
sonic deceleration is accomplished by reducing the 
cross section of the streamtube. See Diiujsi-r. 

Practically, the achievement of iscntropic com- 
pression is modified to varying degrees by viscous 
effects, shock-boundary-layer interactions, inlet 
starting limitations, or compression limits based on 
theoretical shock structures. Such restraints and 
means for avoiding or minimizing their effects are 
the main problcm«» in the design of efFu lent super- 
sonic diffusers. 

The transition from supersonic to subsonic flow 
occurs practically always through a normal shock. 
The associated losses, however, increase rapidly 
with increasing Mach number. At speeds above 
Mach 1.5, such losses become intolerable and a 
more refined compression system is required Such 
a system consists of a gradual deceleration of the 
flow through a svstem of one or more weak oblique 
shock waves. In theorv, iscntropic deceleration can 
be achieved by an infinite number of weak waves, 

Basic types. Supersonic compression systems 
can be categorized in three basic types (Fig. 1). 





Fig. 1, Basic compression systems, (a) External com- 
pression. (b) Internal compression, (c) External ond 
infernol compression. 


Extemal-comprcBsion inlets have the 
diffusion taking place at or ahead of 
(or throat station) and generally employ 
more oblique waves ahead of the normal A i 
Theoretically, pressure recovery increases 
number of oblique shocks (Fig. 2). For all exie ' 
nal-compression inlets, there exists a compressr 
limit based on an analysis of theoretical shock I 
structures. Further, with increased compression ^ 
there is a concomitant increase in the flow turn 
ing angle, which is reflected in increasingh * 
steeper cowl angles and thus cowl drag. 

Internal-compression inlets accomplish super 
sonic diffusion internally downstream of the com) 
lip. Deceleration of the flow is produced by a nnm 
ber of weak reflecting waves in a gradually (on 
vergent channel. Surface angles are necessanh 
kept small to maintain small adverse pressure gra 
dients on the boundary layer. This means a long 
diffuser. The most severe requirement on this tvp^ 
of inlet is dictated by the stating problem To 
start, the diffuser must swallow the shock and 
tablish supersonic flow past the throat. To attain 
high performance levels and to attain operating 
contraction ratios in excess of a theoretical maxi s 
mum starting value, variable geometry or \enl ptr 
forations in the convergent duct are ne(ewr\ 
although they add complexity. With this txpe of 
inlet, there appears to be no limit on iheoreticdl 
recovery and zero or low drag cowls are iMialh 
possible. 

The third system is a combination of external 
and internal compression and appears to repre^.i^nt 
an effective tompromise By incorporating cxMnal 
compiession, the variable- geometry rcquiremcnl- 
are considerably less than with the all-intern il 
tern, and, through ihe use of internal conlraitiun 
the cowl drag is frss and the potential total pi**" 
sure recovery higher than with an all-exteinal com | 
pression system 

Practical considerations. Viscous effects aic m i 
important factor in supersonic inlet performance j 
The wall boundarv layers must negotiate the high j 
adverse pressure gradients that arise from abrupt . 
or rapid turning of the flow during diffii‘*iDR The 
attendant strong shock-boundary-layer inieiaction- 
can result in separation of the flow from the '' 
of the duct with large mixing losses. At Mach num 
hers of 2 0 and higher, to obtain high internal 
formance it is generally necessary to incorporate a 
means of boundary-layer control or removal in t e 
vicinity of the throat. Such devices include o ^ 
perforations, flush slots, or ram scoops. 

When applied to various jet engines, 
supersonic diffuser, or inlet, besides attaining 
internal performance in terms of total-pressure ir 
covery or kinetic-energy efficiency, must al^ * 
a low external drag. Total drag consists of (I) . 
pressure drag acting on the external cowl projs<^ 
frontal area, (2) spillage or additive drag ^ 
ring when the inlet spills flow around the cow \ 
fined as the pressure integral along the j 
streamline), and (3) friction drag on the c**® 
cowl surface. 




Fig 2 Theoretical performance comparison of ex- 
*ernai-compression inlets. 

From ron'^iderations of maximum airplane range 
t»r d( rder jti(m, the trade-off between pressure re- 
M»riv and drag can be evaluated to determine an 
iiptimiim on-design inlet. The relative importance 
Ilf pressure recovery and drag changes with flight 
••peed In general, recovery predominates at the low 
-uperMinic Mach numbers, drag at Mach numbers 
iliove dhiMil 3.5. 

The supersonic diffuser in particular installations 
nni^t meet the airflow schedule dictated by the par- 
tuuldr tvpe of power plant throughout its entire 
'iprrating range of flight speed and altitude with 
ilip best combination of recovery and drag. Dur- 
inji off-design conditions, the inlet handles excess 
djrHow. Most often the inlet is sized for the high- 
S’wd cruise, or design, condition, thus making it 
<‘'»*rsi/ed for less than design speeds. The penal- 
hps associated with various exce.s 5 -air handling 
niethods can wipe out the entire thrust margin of 
[Je airplane, unless sufiicrent care is exercised. 
Techniques that are available include inlet-shock 
"pdlage, bypass through an auxiliary exit, or hy- 
through an ejector exhaust nozzle. 

The physical geometry of the supersonic diffuser 
"dl generally depend upon installation and air- 
plane configuration. For example, pod-mounted en- 
nacelles would probably use an axisymmetric 
>nlet system, whereas an integral installation, 

.'‘J’e the engine is submerged in the fuselage, 
j|*‘ght best use a two-dimensional induction system. 
” 8®neral, the two-dimensional configurations are 
^ore adaptable to the variable-geometry require- 
of engine-inlet matching; their axisymmetric 
J^unterparts have some inherent structural hoop- 
^^'''“tages. f j. f. Connors; l, j. obery] 
^oliographyx J. F. G>nnors and C. R. Mcyeih, De- 
for Axisymmetric and Two-Dimen* 
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sional Supersonic Inlets and ExUs^ Natl. Advisory 
Comm. Aeronaut., Tech. Note 3589, 1956; J. C. 
Eward and J. W. Blakey, The Use of PerforaSed 
Inlets for Efficient Supersonic Diffusion^ NatL Ad- 
visory Comm. Aeronaut., RM E51B10, 1951; D. P. 
Hearth and J. F. Connors, A Performance Analy- 
sis of Methods for Handling Excess Inlet Flow at 
Supersonic Speeds^ Natl. Advisory Comm. Aero- 
naut., Tech. Note 4270, 1958; A. Kantrowitz and 
C. Donaldson, Preliminary Investigixtion of Super- 
sonic Diffusers, Natl. Advisory Comm. Aeronaut., 
WR L.713, 1945 ; R. W. Luidens and R. J. Weber, 
A Method for Evaluating Jet-Propulsion-System 
Components in Terms of Missile Performance, IAS 
Preprint No. 656, 1956; M. Sibulkin, Theoretical 
and Experimental Investigation of Additive Drag, 
Natl. Advisory Comm. Aeronaut., Rept. 1187, 1954. 

Supersonic flight 

Relative motion of a solid body and a gas at a 
velocity greater than that of <%oiind propagation un- 
der the same conditions. The general characteris- 
tics of supersonic flight can be understood by con- 
sidering the laws of propagation of a disturbance, 
or pressure impulse, in a compressible fluid. 

Formation of Mach cone. If the fluid is at rest, 
the pressure impulse propagates uniformly with the 
velocity of sound in all directions, the effect always 
acting along an ever-increasing spherical surface. 
If, however, the source of the impulse is placed in 
a uniform stream, the impulse will be carried by 
the stream simultaneously with its propagation 
at sonic velocity relative to the stream. Hence the 
resulting propagation in faster in the direction of 
the stream and slower against the stream. If the 
stream velocity equals the velocity of sound, the 
effect of the impulse cannot reach every point in 
space, but is restricted to the half-space bounded 
by a plane perpendicular to the flow direction. The 
soun e of the impulse is no longer able to send 
signals upstream. 

If the velocity of the stream past the source of 
disturbance supersonic, the effect of the impulse 
is restricted to a cone whose vertex is the source 
of the impulse and whose vertex angle decreases 
from 90° (corresponding to Mach number equal to 
1 ) to smaller and smaller values as the Mach num- 



Fig. 1 . Generotion of Mach wove by body moving <it 
supersonic velocity. 
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ber of tbe stream increases (Fig. 1). In fact, the 
irigono^tric sine of the vertex half-angle is equal 
to the reciprocal of the Mach number. This angle 
is called the Mach angle and the cone so formed, 
the Mach cone. If the source of the pressure im- 
pulse travels through the air at rest, the conditions 
are analogous. See Mach number. 

The cone described above separates a zone of 
action from a zone of silence. Here lies a funda- 
mental difference between subsonic and supersonic 
motion of a body. In subsonic motion, the effect of 
the disturbance, although decreasing with dis- 
tance, reaches every point of the space surround- 
ing the body. In supersonic motion, the disturbance 
caused by the body is restricted to the inside of 
the Mach cone. For example, if a projectile passes 
over an observer’s head at supersonic! speed, he 
hears if only after it has passed. 

General rules. These considerations can he 
formalized into three general rules: (1) the rule 
of forbidden signals, (2) zone of action and zone 
of silence, and (3) rule of concentrated action. Be- 
cause a slight pressure change is propagated with 
sound velocity, the effect of pressure changes pro- 
duced in the air by a body moving at a speed 
faster than sound cannot reach points ahead of the 
body; this is the rule of forbidden signals. The 
zone of action and the zone of silence arise because 
a stationary point source in a supersonic stream 
produces action only at points that lie on or inside 
the Mach cone extending downstream of the point 
source. Conversely, the pressure and velocity at an 
arbitrary point in the stream can be influenced 
only by disturbances acting at points that lie on 
or inside a cone of the same vertex angle extend- 
ing upstream of the point considered. The rule of 
concentrated action thus follows. For a body mov- 
ing at supersonic speed, the major portion of the 
effect is concentrated in the vicinity of the Mach 
cone that forms the outer limit of the zone of ac- 
tion. 

Shock wave. Consider the supersonic motion of 
a wing moving into air at rest. Because signals can- 
not propagate ahead of the wing, the presence of 
the wing has no effect on the undisturbed air until 
the wing passes through it. Hence there must be 
an abrupt change in the properties of the undis- 
turbed air as it begins to flow over the wing. This 



Fig. 3. Streamlines, shock waves, ond expansions 
around a supersonic wing. 



Fig. 3. Flow around Busemann biplane. 


abrupt change takes place in a^shock wave which 
is attached to the leading edgeS)f the wing, pm. 
vided that the leading edge is sharp and the flight 
Mach number is sufficiently large. As the air passe*, 
through the shock wave its pressure, temperature, 
and density are markedly increased. 

Further aft of the leading edge, the pressure of 
the air is decreased as the air expands over the 
surface of the wing. Hence the pressure acting on 
the front part of the wing is higher than the am- 
bient pressure, and the pressure acting on the rear 
part of the wing is lower than the ambient prev 
sure. The pressure difference between fnmt and 
rear parts produces a drag, even in the absence (»f 
skin friction and flow separation. The wing pm- 
duces a system of compression and expansion wave^ 
which move with it (Fig. 2). 

Wave drag. Th^work which must be done to 
create and carry these waves is the work which 
must be done to overcome the drag. This phenome 
non is similar to that of a speedboat moving \NitH 
a velocity greater than the velocity of the surface 
waves. Tn this case, the boat carries the waves ihai 
it produces, and the work done is a large part of 
the total resistance of the boat. Because of 
analogy, supersonic drag is called wave drag. It 
peculiar to supersonic flight, and it may represenl 
the major portion of the total drag of a bod\. 
(Drag associated with skin friction and flow sepa- 
ration is still present in supersonic flight.) A d<** 
tailed consideration of the wave drag leads to the 
conclusion that supersonic wings should have sharp 
leading and trailing edges, and the thickness ratio 
of the wing ^iould be as small as possible to re- 
duce the wave drag. See Aerodynamic wave drac* 
Lift and induced drag. The theory of lift of ^ 
aircraft wing moving at subsonic speeds is based 
on the concept of circulation. In the case of super- 
sonic flight, the same concept can be used, b“ 
the flow pattern associated with the circulation 
must be restricted to the surface and interior of the 
Mach cone whose vertex lies at the point of apph* 
cation of the lift force. Induced drag also crusts 
in the supersonic case as well as in the subsonic 




Fiq 4 Types of finite supersonic sweptbock wing 

i.r Hnwrvpr, in the siipersonir case, the prodiK- 
ii.nol lift requires, in addition to the induced diag, 

1 (itain amount of wave diag ( orresponding to tlu* 
MiirgN ladiated to infinity along the Mach cone 
llihdidg IS found to he proportional to the scpiaie 
the lift produced; that is, if follows a law similar 
I that governing induced drag in subsonic flight. 

Planform. Because the wave diag is protiortional 
'»lhe ‘square of the thickness ratio of the wing and 
' ihi •square' of the lift ]»rnduced, small thic'kness 
Fi'in^^and small lift c*oefficients are favored. How- 
this generalization is limited by recfuirenients 
’ \\nglil and strength of construction. Hence, 
tlirr methods for reducing wave drag are sought. 

\ Hiisernunn has (iroposed the use of a biplane 
"hull Is designed in such a way that the waves 
• nanating from the upper wing are compensated, 
T Fine died, by the lower wing (Fig. 3 1. In this 
'•hrme. there are no waves external to the lifting 
'"dace so that no energy can leave the moving sys- 
henc'e there can be no wave drag. The idea 
^‘‘'•i*ntiall\ uses the concept of wave interference 
rpdiK p wave drag. 

Another idea involves the sweptback wing (Fig. 
I Because the wing characteristics depend on the 
<'irnponent of velocity normal to the leading edge, 
may be possible to provide sufficient sweepback 
the flow velocity normal to the wing axis be- 
Homes subsonic. In this case, there can be no wave 
Because in supersonic flight the unavoidable 
profile drag is relatively large compared to in- 
drag, a small aspect ratio is acceptable. 
<'nce the use of a delta wing appears promising; 

take advantage of both a large sweepback 
®”8le and a small thickness ratio. Furthermore, the 
•‘‘placement of the center of pressure in transition 
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from subsonic to supersonic flight is smaller than 
for more conventional planforms. 

Effect on range. The range of an aircraft de- 
pends, among other things, on the lift-drag ratio of 
the aircraft. In the ca.se of supersonic airplanes, 
the aerodynamic efficiency depends to a great ex- 
tent on effective use of volume, such as the ability 
of the designer to provide volume for fuel or pro- 
pellants. Consequently, the supersonic aircraft be- 
comes a large body with small winglets, and the 
lift-drag ratio becomes unfavorable. 

A simple approximate analysis shows that the 
lift-drag ratio of such an aircraft depends essen- 
tiallv on the ratio of the local ambient pressure to 
the weight of the fuselage per square foot of fron- 
tal area. Hence the range of a «*upersonic aircraft 
is greatly enhanced by flight at high altitude and 
bv denser loading or by increasing the over-all 
dimensions of the aircraft. The.se conclusions 
again show a major difference between subsonic 
and supersonic flight, because for subsonic flight 
altitude has no significant effect on the range, and 
velocity and size have only secondary effect. See 
HYPhRSONK MlGHi; SlJBSONlt TMGIiT; TRANSONIC 
FLIGHT. fj.E.SC.] 

Hib/iof'raphv: E. A. Bonney, Engineering Super- 
soni( Aerodynamics, 19.50; C. duP. Donaldson, 
J. V. Charyic, and M. Summerfield (eds.). High 
Speed Aerodynamics and Jet Propulsion, vol. 6, 
1%4; A. Ferri, Elements of Aerodynamics of Su- 
personic Flows, 1949; H. W. Liepmann and 
A. Roshko, Elements of Gasdynamics, 19.57; T. Von 
Kaiman, Aerodynamics, 19.54; T. Von Karman, 
Siipersonu aerodynamics principles and applica- 
tions, y. Aeronaut, Scu, 14(7) :373 409, 1947. 

Suppression 

The elimination of some iiiidesired component of a 
signal. In automobile radio installations, suppres- 
sion cchniques are essential to prevent ignition in- 
terference from reaching the radio circuits. Radio 
receivers themselves often contain special noise- 
suppression circuits and devices; this is particu- 
larly true for communication receivers that operate 
in crowded and noisy short-wave bands. 

In many radar installations, suppression circuits 
and techniques are used to reduce clutter caused by 
the ground and fixed objects close to the antenna. 
One radar suppression technique involves reducing 
the receiver gahi suddenly after each higb-power 
pulse is transmitted, then gradually and automati- 
cally iip^toring normal gain so that nearby echo sig- 
nals are amplified much less than the desired 
distant echo signals. See Noisb, llrctrical. 

fj.MR.J 

Suppressor 

A device used to reduce or eliminate noise or other 
signals that interfere with the operation of a com- 
munication system. This term may be applied to 
a noise filter in a radio receiver (see Noise filter, 
radio), but it is more frequently used to describe 
a device applied at the noise source, such as a re- 
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sistor used iu series with spark plugs of a gasoline 
engine, or a capacitor across the terminals of a 
commutator motor or other sparking device that 
acts as a noise generator. The term suppressor may 
also be applied to a filter used in power leads of 
an electronic device to eliminate unwanted signals 
or noise. See Filter, electric. rw.R.L.] 

Surface and solid of revolution 

A surface of revolution is generated by revolving a 
plane curve about a line in its plane. The generat- 
ing curve may consist of one or more arcs or line 
segments connected together. A solid of revolution 
is generated by revolving a connected plane region 
about a line in its plane not cutting the region. The 
boundary of a solid of revolution is a surface of 
revolution. The line about which the generating 
plane curve or region is revolved is called the axis 
of revolution, or simply the axis. 

Generation of surfaces. In euclidean solid ge- 
ometry the words cylinder, cone, and sphere com- 
monly refer to solids of revolution, and the corre- 
sponding surfaces of revolution are called a cylin- 
drical sill face, a conical surface, or a spherical 
surface. However, in analytic geometry and more 
generally in modern usage, the words cylinder, 
cone, and sphere refer to surfaces, not solids. A 
circular cylinder is a surface generated by revolv- 
ing an infinite line about a parallel axis, and a c ir- 
cular cone is a surface generated by revolving an 
infinite line about an intersecting axis. A spheroid 
ih a surface obtained by revolving an ellipse about 
one of its axes. Paraboloids and hyperboloids of 
revolution are obtained bv revolving parabolas 
and hyperbolas about their axes. 

Two surfaces of revolution that play a special 
role as Interesting examples in differential geom- 



Fig. 1. Paraboloid of revolution 




etry are those obtained by revolving a cateiiar\ 
a tractrix about its axis. Surface tension pul),^ 
soap film spread on a wire boundary to form a s/ 
called minimal surface, having a smaller area ihal 
any nearby surface with the same houndarv If . 
boundary consists of two circles with centerh on 
a common axis perpendicular to their planes am^ 
not too far apart, the minima}., surface ronnedmji 
them is pait of a catenoid of revolution, obtained 
by revolving about the x axis the curve 

r =» cf cosh (x/a) 

in which a uniform inextensible chain hangs undfr 
Its own weight. As the circles are pullecl apiri 
there comes a point at which the soap film liridk«. 
in two and forms two separated plane imular 
disks ,See CAThNARv; Trac trix. 

The tractrix of revolution is of interest lusaiw 
it is a surface of constant negative ciirvatiin n\ 
which the geometry is noneuclidean The neighln^r 
hoods of two points are congruent to cadi ollnr 
But if three points on the surface are joined on tin 
surface liv curves of shoitest length called “lint" 
the sum of the a^^les in the resulting triangle 
always less than 180° and through a given fMiiTii 
there is more than one “parallel” to a given linf 
not through the given point 
Theorems of Pappus. Two impoitant theonnh 
that hear the name of Pappus of Alexandria v'lif 
li\ed in the thud century ad. give formula*' for 
computing respectively (1) the volume P of a **olid 
of revolution generated bv revolving a connntfd 
plane region of finite area A about an axis in it^ 
plane not cutting the region; and (2) the area ''of 
the surface of revolution obtained by revolving a 
simple plane curve of finite length I about an avi'- 
in Its plane, but not cutting the curve Both 
rems involve the notion of the centroid or center oi 
gravity, of the plane region or curve. If this len 
troid C is at a distance r from the axis, it moves « 
distance 27rc during the rotation that generate^ 
solid or surface. , 

Theorem /. The volume V of the solid gencrateo 
by revolving a connected plane region about an 
axis in its plane, but not cutting the region. 
ectual to the product of the area A of the gen**"* 
ing region times the circumference 2trc of 
cular path through which the centroid moves 

Volume of solid of revolution 2**^^ 
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Thfdrem //. The area S of the surface generated 
jving a connected plane curve about an axis 
^ ^^olane. hut not cutting the curve, is equal to 
**\oduct of the arc length Z of the generating 
^ the circumference 2ttc of the circular 
^‘^Jh^through which the centroid moves. 

^rea of ^nface of revolution S « 27rcZ 

The lentroid C of a plane region (or curve) 
\ing a center of symmetry is that renter. Intui- 
the i*entroid of a connected plane region or 
June not ha\ing a center of symmetry may be 
Ihought of as follows. Let a model of the region or 
,une be cut out of thin sheet metal or wire of uni- 
l«rm thickness. Then the centroid is a point C in 
plane* of the region or curve such that, if the model 
plated horizontally over a knife-edge supporting 
the model along any line through C. the model will 
balance without tipping. For example, a hori- 
zontal metal triangle would balance if supported 
,n j knife-edge along any median, so its centroid 
. the point of intersection of the medians. 

Formulas for obtaining the coordinates (r.v) of 
thf- ( entreud c»f any plane region or curve are derived 
)iv the calculus: 

I -ntroid ( ) of area 

1 i J fx (l\ dy rA = f fy dx dy 

I enlrnid ( n ) of riirve 

\l ^ f \ ds yl ^ Jy ds 

( m^iponding foiniulas for volumes and surfaces 
n volution obtained b\ revolving about the x 
i\ ^ a [ildne region of area A or a simple cHirve of 
•'iVtb / IvniR wholly above the x axis are 

Volume = 27rf/y dx dy 
Surface « 27r/y ds 

( I MKOins Ol ARF AS AND LINFS. 

Three examples will illustrate Pappus’ theo- 
tms 

tiumple 1, Find the volume of a right circular 
upe b\ Pappus’ theorem. Solution: If a right tri- 
angle 40 B IS revolved about its side OA^ it gener- 
alev a solid right circular cone of height h « OA 
'‘nd radius of base r « OB. The area of the plane 
IS >4 = rA/2, and the centroid C is at the 
dJ^lance c = r/3 from the axis OA. Hence the vol- 
•Jmeis given by 

y » 27 r(r/ 3 ) (rh/2) * nr^h/S 

Example 2. Find the distance c from the centroid 
^ a ^‘t'ircular arc of radius r to the center of the 
Solution: The arc length is Z » irr, and the 
5 of the surface of the sphere generated by 
^ ^ *^te semicircle about its diameter is S *■ 
^ Hence the centroid distance is 

c • S/2nl ■■ 47rr*/27r*r ■> 2r/rr 

r* 

j 3. Find the volume and surface area of 

torus obtained by revolving a circle of Ta- 



Fig. 4. Torus. 

dius 6 about an axi<v in its plane at distance r > 6 
fiom the c enter. Solution; 

V * 27rr(irft*) * 2Tr^hh (volume of torus) 

S * 27rc (2irh) * Xtr^bc (surface of torus) 

.Sec CoNt; Cyi.indlr; Ellipsoid and sphfroid; 
UvpLRBOLoiD, Paraboloid; Quadric surfacf; 
Sphlrotd; Torus. [j.s.f.] 

Surface coating 

A substance applied to other materials to change 
the surface properties, such as color, gloss, resist- 
ance to wear or chemical attack, or permeability, 
without changing the hulk properties. The term in- 
cludes such niutetials as paints, varnishes, enamels, 
and lacqueis. In general, organic coatings are 
based on a vehicle, usually an oil or resin, which, 
aftei being spread out in a relatively thin film, 
( hanges to a solid. This change, called diying, may 
be due entirely to the evaporation of a volatile sol- 
vent. or it may be claused by a chemical reaction, 
such as oxidation and polymerization. Opaque ma- 
terials called pigments, dispersed in the vehicle, 
contribute color, opacity, and increased durabil- 
ity and resistance. 

Pamts are organic coatings in which the vehicle 
is usually a drying oil, such as linseed, soybean, 
lung, or dehydrated castor, or a varnish. The term 
paint is often used to cover all organic coatings. 
Enamels are paints in which the pigment is very 
well dispersed and the vehicle is chosen to flow 
out to an extremely smooth finish, usually with a 
high gloss, although semigloss enamels are also 
made. Varnishes are clear, unpigmented coatings, 
made by dissolving a resih, or the reaction prod- 
ucts of a resin and a drying oil, in a suitable sol- 
vent. Lacquers are coatings for which the vehicle 
is a cellulose derivative, most commonly nitroceUu- 
lose. The nomenclature in this field is not clear-cut, 
and there is some tendency to call any material 
used for a specific purpose by the name of the 
products most commonly used for that purpose, 
even though it does not otherwise meet the defini- 
tion. For example, nearly all clear coatings for 
metal are called lacquers, regardless of their com- 
position. 

Organic coatings are usually referred to as deco- 
rative or protective, depending upon whether the 
primary reason for their use is to change (or pre- 
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serve) the appearance or to protect the surface. 
Often both purposes are involved. 

The origin of organic coatings is lost in ancient 
history. Pictures on cave walls indicate that paints 
were known to prehistoric man, and the use of bi- 
tuminous materials and pitch for waterproofing and 
preservation is mentioned in the Bible and was 
known to the ancient Egyptians. Paints were also 
used for the decoration of furniture and for the 
production of pictures in ancient times. More re- 
cently, the use of drying oils, rosin, and other res- 
ins, as well as the development of inexpensive pig- 
ments suitable for use in paints, reduced the cost 
to the point that houses and other structures could 
be painted. The wide use of iron and steel during 
the past century made the use of organic coatings 
essential to reduce losses from corrosion and chem- 
ical attack. 

As more materials of construction become avail- 
able, the need to modify the surface in some way 
continues to grow. Even materials which are resist- 
ant to most forms of attack, such as stainless 
steel, may need protection from certain forces. 
Many surfaces which are widely believed to be sat< 
isfactory without coatings are actually attacked by 
weather, salt, atmospheric polution, or other fac- 
tors, and must be protected for certain uses. 

The wide variety of surfaces which must be pro- 
tected and decorated has given rise to an infinite 
variety of coatings. Many of these are not called 
paints, although a large number fall under almost 
any definition of paint Mastic coatings are usually 
similar to paints in composition, but are applied 
at a heavier consistency, usually with a trowel 
Other organic coatings include sheet plastics, 
which may be formed in place by a doctor blade, 
formed first and applied with an adhesive, or ap- 
plied as a dry powder or a dispersion and fixed by 
heating above the melting point Coatings of this 
type arc widely used for sheet metals and for tex- 
tiles. Inorganic surface coatings include vitreous 
enamels, metal plating, and metallic salts depos- 
ited from solution. This last method is widely used 
to prepare metal surfaces for subsequent painting. 
See Drier (paint); Drying oil; Electroplating 
OF metals; Enamel, nonvitreous; Filler; Ja- 
panning; Lacquer; Metal coatings; Paint; Pig- 
ment; Primer (surface coating); Shfllac; 
Thinner; Varnish. [f.sd.] 

Surface condenser 

A heat transfer device used to condense a vapor, 
usually steam, by absorbing its latent heat in a 
cooling fluid, ordinarily water. Most surface con- 
densers consist of a chamber containing a large 
number of 0.5- to 1-in. diameter corrosion-resisting 
alloy tubes throu^ which cooling water flows. Hie 
vapor contacts the outside surface of the tubes and 
ia condensed on them. The tubes are arranged so 
that the oooUng water passes through the vapor 
apace one or more times.' About 90% of the surface 
ia uaad for condenaiag vapor and the remaining 
10% for ooottng ooBoondensable gaaea. Air coolers 


are normally an integral part of the 
may be separate and extonal 
is removed by a condensate pump and 
densables by a vacuum pump. See CoNOENgm*^*^ 
por; Steam condenser, 

Surface hardening of steel 

When properly carried out, surface hardening pro. 
duces high wear resistance, great strength, and 
good impact resistance to meet the most exactini 
engineering requirements. ^ 

Gears are among the parts most commonly sur 
face hardened, and millions of these are hardened 
each month in the automotive industry alone. Othei 
parts surface hardened in large quantities are ball 
and roller bearings, piston i^ins, camshafts, tap 
pets, and spindles. < 

The case-hardening processes described in thi< 
article produce surface layers on a steel allov that 
are substantially harder than the interior. The sur 
face layer is called the case and the interior n re 
ferred to as the core. 

The processes common to case hardening an 
(1) carburizing, (2) cyaniding, (3) carbonitrid 
ing, (4) nitriding, (5) induction hardening, anc 
(6) flame hardening. Each of these processes ha< 
its place in industry, and is best used under ccr 
tain conditions of fabrication and with certain fn 
gineering requirements. 

For other methods of surface hardening •^uch a- 
chromium plating, metallizing, hard-metal o\er 
laying, calorizing, chromizing, and chemical coat 
mgs see Ellctrcwflatinc of metals; Heat trf4i 
ment (metals and AiLOYs) ; Metal Coating*' 

Carburizing. This is a process whereby carbon i 
introduced into solid steel above its transformatioi 
temperature in contact with a carbon-contaminj 
medium which may be either solid, liquid, or 
ous. When the carbon-containing medium is solid 
the process is called pack carburizing; when Ini 
uid, it is called liquid-salt carburizing; and whei 
gaseous, it is called gas carburizing. 

Pack carburizing. Pack carburizing, or as it > 
often termed, box carburizing, consists of packmi 
the steel to be carburized in a box and surroundmi 
it with charcoal which has been treated with a 
called energizer. This energizer usually consists o 
an alkali or metal carbonate such as barium 
bonate. The carburizing compound should con a 
not less than about 10% of the energizer to acfo 
plish the best rate of carburizing. 

After packing, the box is placed in a fuwace 
brought to a temperature of 1650-1700® F w 
lowed to remain in the furnace long enough o 
the required depth of case. The usual 
4-20 hours. The usual case depth will 
0.025 to 0.045 in., although depths up to < 
and more are not uncommon, 1 

After carburizing, the parts may be ^ 

removing them from the box while thoy 
or near carburbdng temperature and 
directly in a cooling medium, usually ^ 

lively, the parts may be pennittel lu 



hirizing temperature, removed 

iiii> box and then reheated above the trans- 
ftalion tempi^ature of the case (145fr-1500^F), 
J auenchcd. This latter method is used on parts. 
* I a^ the automotive ring gear, which is oil 
'nhfd in a press in which the gear is held firmlv 
so that there is very little distortion. Most 
\s however, are quenched directly from the car- 
Wim heal, and if made from the proper steel. 
I!”|| have maximum resistance to fatigue failure. 
The direct quench method has the lowest cost. 

Some of the steels used for surface hardening 
arc* liHied m the table. Those used for carburizing 
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di» SiMiel\ ui Aiiloinolive Engineers (SAE) des- 
Hiriitions 1019. 1022. 3310, 4118. 4320. 4620, and 
These steels aie specified to be fine grained 
n iIkiI when ([iienc hed from 1700"F. the core of 
iht '!e‘l will be fine grained Steels 1019 and 1022 
ir» plain ( 41 bon find must be quenched in water or 
lir IIP to obtain proper hardness .Such drastic treat- 
mtnl iisiidlK causes excessive distortion and can 
^•p applied onlv when this is permissible. The plain 
icirhon steels, however, are the cheapest. 

I'aris in which low distortion is required are 
niadp fi(»ni alloy steel which will harden when 
ipinithed in oil. Larger parts cool more slowly 
quern hed. and thus require more allov in the 
to harden properly. The carburizing steels in 
idlile which have the greatest ability to haiden, 
*l>di is have the highest hardenability. are SAE 
^ihUnd U20. 

quid-salt carburizing. Carburizing may be car- 
on in a hot liquid bath by immersing the steel 
the bath and then quenching in cold water or 
The hath usually contains appreciable quanti- 
of barium or calcium salts (chlorides) and 
of sodium cyanide. The carburizing is car- 
on at 1.350-1750"F. This method is used for 
'‘Kttt lase depths of 0.005--0.030 in. The higher the 
*^niperature of operation, the faster the carburiz- 
but the more trouble from pot failures and 
'311 vaporization. 

f'nrhurizing. In this process, the parts are 
^ttposed to an atmosphere containing gaseous hy- 
t‘0farbons or carbon monoxide at the carburizing 
^peraiure. Since it is not necessary to heat 
carburiziug boxes and charcoal, as in box 
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carburizing, gas carburizing can give the same case 
depth in less time. Gases used in carburizing may 
be natural gas, commercial manufactured gas, bu- 
tane, propane, or methane. These gases are usually 
diluted to give easier control of the process. 

The control of surface carbon content and bet- 
ter control of case depth, usually coupled with a 
somewhat lower cost, are the advantages of the 
gas-carburizing process. 

The subsequent hardening, tempering, measure- 
ment of case depth, and hardness are the same as 
for pack carburizing. 

Tempering, It is considered good practice to re- 
heat the quenched parts to about 27.*>-400®F and 
hold at these temperatures for 1-3 hours or more 
to relieve the residual stresses and improve resist- 
ance to cracking during grinding. Frequently, the 
tempering operation is not carried out, and the 
omission is permissible with many parts. 

Case depth. The depth of the carburized or hard- 
ened portion is called the case depth. Effective case 
depth is defined as the distance (measured per- 
pendicularly ) from the surface of a hardened case 
to a point equivalent to a hardness of Rockwell 
C50. Total case depth is defined as the distance 
from the surface of the hardened or unhardened 
case to a point where differences in chemical or 
mechanical properties of the case and core no 
longer can be distinguished. 

It is difficult to control the total case depth to 
limits closer than 0.010 in. total spread from maxi- 
mum to minimum in the pack-carburizing process. 
This process should not be used in industrial work 
when total case depths of less than 0.020 in. are 
desired. Surface hardness of Rockwell C60 mini- 
mum is obtainable with this process, although in 
many applications, such as automotive gears, a 
minimum of C57 is acceptable. 

Cyaniding. In the cyaniding proceso, a thin, hard 
case IS produced, usually up to 0.008 in., although 
much thinner cases in the range of 0.001--0.003 in. 
are must common. In this process, the salts used 
aie combinations of sodium chloride, sodium car- 
bonate, and sodium cyanide. The latter is used in 
the range of 15-40^ . This process is usually car- 
ried on at temperatures of 1350-15.S0®F and 15-30 
min. in the salt is common. Quenching in cold wa- 
ter, brine, or oil direct from the cyaniding pot is 
ne<L*essary to obtain good hardness. 

Both carburizing steels and medium carbon 
steels such as SAE 1035 arc often cyanided. The 
hardness obtainable by this process will resist the 
action of a Rockwell C60 file. Cyanided case and 
to some extent the liquid-carburized case contains 
nitrides as«well as carbides of iron to produce good 
hardness and wear resistance. 

Cartxmttriding. This process has recently come 
into favor, and is being used to a large extent in^ 
stead of cyaniding since it elfaninates ail the trou- 
bles with liquid salts and pot failures. The Steel is 
heated in a gas-carburizing atmosphere to wldcfa 
ammonia gas is added. This imparts nilrogeii, as 
well as carbon bito the surface and gives a file-h^d 



narface with oil quenchings even with plain carbon 
steels. About 1% of ammonia in the carburizing 
atmosphere imparts this property. 

NItrldlllg. Nitriding is a process in which a steel 
alloy, usually of special composition, is surface 
hardened without quenching by heating in an at- 
mosphere of ammonia or in contact with a nitro- 
gen<*containing material so that nitrogen is ab- 
sorbed. The special alloy steels used for nitriding 
are known as nitralloy, and contain aluminum as 
one of the alloying elements. 

Before nitriding, the steel is oil quenched and 
tempered to 1100-1300°F, machined, and then re- 
tempered at these temperatures to remove the ma- 
chining strains. Any decarburized areas must be 
removed, since these areas will produce very brit- 
tle surfaces after nitriding. 

Nitriding is accomplished by heating the steel 
in an atmosphere of dry ammonia at about 900- 
1000°F for a period of 24-72 hours. Fifty hours at 
970^ F is a common practice and produces a case 
depth of about 0.020 in. Very high hardness re- 
sults from proper nitriding, which gives a range of 
92S-1400 diamond pyramid hardness number 
(DPH). This hardness is beyond the Rockwell C 
scale; 940 DPH corresponds to Rockwell C68. 
Thus, it is evident that nitriding can be used to de- 
velop much higher hardness than carburizing can. 
Also, in general, there is less distortion than is en- 
countered during carburizing and hardening, be- 
cause nitriding is accomplished at much lower 
temperatures, and because it is not necessary to 
quench the steel after nitriding. Nitriding, how- 
ever, causes growth of the steel which results in 
some distortion. Proper allowance can be made 
for this growth in dimensioning the fabricated part 
before nitriding. Because the extreme outer ni- 
trided surface has a tendency to be very brittle, it 
is customary to grind 0.001-0.003 in. off this 
surface after nitriding. 

It is possible to nitride some of the common al- 
loy steels which do not contain appreciable 
amounts of aluminum, although the hardness in 
this case is much lower than with nitralloy (400- 
600 DPH). When SAE 4340 steel is so treated, it 
shows improved resistance to wear, increased en- 
durance limit, and nonseizing properties superior 
to those when not nitrided. Another advantage of 
nitrided cases is that they retain their room tem- 
perature hardness up to 750^F. This is not true of 
carburized cases. 

Induction hardening. Induction hardening is a 
process of surface heating a steel alloy above the 
transformation range by means of electrical induc- 
tion and then cooling to give the required hardness. 
The induction heating is accomplished by employ- 
ing a high-frequency current which passes through 
a coil that is around the section to be hardened. 
The frequency usually varies from 1000 to 10,000 
cycles per minute (cpm) although frequencies 
above 500,000 cpm have been used. The instantane- 
ou8*heating effect varies inversely as the square 
root of the frequency. Thus, 9 kilocycles (ko) 


heats instantly 5 times deeper than 225 kc. ti. 
heating time in this process is usually a few ^ 
onds (3-10 sec is quite common), and the 
cooled by water, oil, air, or by self-cooling. ^ ** 

The steels used in this process are usually nl 
medium-carbon steels in the range of 
carbon; others are alloy constructional steels, ha d 
enable stainless steels, cast iron, and malleabl 
iron. The process permits convenient hardening of 
any portion of a part, gives low distortion, V 
duces favorable residual stresses so that the pan 
will have excellent resistance to fatigue stressing 
and gives good reproducibility of the hardness pat 
tern. The effective case depths usually vary from 
0.025 to 0.20 in., but may vary over a wider range if 
desired. Parts commonly hardened are axle shafu 
crankshafts, and camshafts. 

The installation for induction hardening equip- 
ment is rather costly so that it is best suited for 
high-production rates. 

Flame hardening. This may be defined as a proc 
ess of heating the surface layer of steel or other 
hardenable alloy above the transformation range 
by means of a high-temperature flame and queitrh 
ing. The time of heating is short, and an effectne 
case depth of Vio-% in. is usually obtained The 
heating time for average operations is 30-40 
The quenching is usually done with water or com 
pressed air. Although any hardenable steel ma> lit* 
used, a range of 0.35-0.50% carbon is most con 
mon. Cast iron is also often flame hardened. 

Flame hardening has practically the bame ad 
vantages as inducj^on hardening. With flame hard 
ening, the reading of the surface temperature 
difficult because of interference from the light of 
the flame. Much care is required to ensure good 
reproducibility. Parts frequently hardened by this 
method are camshafts, large parts such as lathe 
ways, and large gears. See Mital, mechanicai 
PROPERTIES of; MeTAL FORMING; StAINLE^^^ 

steel; Steel. [we ioj 

Bibliography: D. K. Bullens, Steel and Its Hftif 
Treatment^ vol. 2, 5th ed., 1948. 


Surface plwnomenon 

One of the aumesous reactions and interaction:* 
which occur at the surfaces of solids and liquids 
opposed to those which occur within a solid or a 
liquid as a whole. A more correct terminology 
would be interfacial phenomena, since a surface 
represents a boundary between at least two coex 
istent phases, that is, an interface between a 
or a liquid and another solid, liquid, or gas. Sur 
face and interface are often used interchange*^ 
Some characteristic phenomena associated 
surfaces are detectable at all liquid or solid sor 
faces. Others become apparent only in systems 
have a large ratio of surface area to volume. TW 
extent of surface area thus distinguishes two 
eral categories of surface phenomena. However 
both types owe their existence to such 
tic properties of surfaces as surface potential ^ 
surface energy, ht;§||^^itension. 

‘ 7 



properties of surfaces which can be meas- 
^ on a macroscopic scale are wettability, adhe- 
friction, and thermionic and photoelectric 
'm”sion. as surface or interfacial tension, 

p. ^},jracteristic magnitudes of these various sur- 
properties are highly dependent on the clean- 
l,n^ of *he Hurface; great changes in their values 
an be brought about by the introduction (deliber- 
ale or otherwise) of foreign materials. Practical 
h often made of this, for example, in the reduc- 
iiou of friction by lubrication and in the process 
u( waterproofing, where wettability of a surface 
i. rediui^ by the application of a thin film of a 
.iiiialile Mib'^tance. Similarly, the surface tension of 
a ln|uid ma> be raised or lowered by the presence 
injfs surface of solute molecules. Substances which 
iDHcr the surface tension to a marked degree when 
ndded in small amounts are known as surface-active 
ifrt-nis, or surfactants. Solutions of such substances 
hi\p remarkable powers of wetting, as indicated 
|»\ the success of synthetic detergents in cleansing 
pnu esses. The diversity ot processes dependent on 
niKToseopic -urface properties is illustrated by 
<111 h examples as dyeing, soldering, mineral flota- 
iion and the restriction of water evaporation from 
iprn rcser\oirs In this last example, an insoluble 
monuldvcr ol some appropriate substance, such as 
alc‘ohol, is allowed to spread spontaneously 
lithcwalci surface. 

There ate innumerable phenomena which become 
ipparent iiixm the development of the high ratio 
<if Mil lace aiea to volume. To illustrate the effect 
•d iiureased surface area on the surface energv of 
i Mstern, consider a cube of 1-cm edge which has a 
Mirtdce diea of 6 cm*, and a surface energy of 6 
I wild c y is the surface tension in dvnes/cm 
Tcrpv. (in-). If the cube is divided into 1(T” cubes 
“I edge KK) \ (10 cm), the surface area becomes 
^rt(H).000 cm- and the surface energy becomes 6 X 
y This enormous increase of energy affects, 
‘Hiong other things, solubility, rale of solubility, 
' hemic al activity, and color. 

Perhaps the most significant of the properties 
nhich can be detected in the presence of a large 
''urface area is that of adsorption. The ability of 
M»lid and liquid surfaces to attract and hold, re- 
with, or cause to react with each other, the mol- 
of gases, vapors, liquids, and even ions is 
RFpat importance. Contact catalysis, soil niilri- 
turn ion exchange, wine purification, and chroma- 
^^prapliic separation are processes dependent on 
phenomenon of adsorption. Other manifestations 
the high ratio of surface area to volume are 
P colloidal systems. See Adsorption; Colloid; 

tOFATlON; INTERFACE OF PHASES; LUBRICANT; 

and detergent; Surface-active agent; Sur- 
tension. [a.l.d.; w.o.m.] 

^rface tension 

force acting in the surface of a liquid, tending 
® tninimize the area of the surface. Surface forces, 
®^morc generally, interfacial forces^ govern such 
^ ^•'^Ricna as the wetting or nonwetting of solids 


Surfac# tantion SIS 

by liquids, the capillary rise of liquids in fine tubes 
and wicks, and the curvature of free-liquid sur- 
faces. The action of detergents and antifrothing 
agents and the flotation separation of minerals de- 
pend upon the surface tensions of liquids. 

Surface energy. In the body of a liquid, the time- 
averaged force exerted on any given molecule by 
its neighbors is zero. Even though such a molecule 
may undergo diffusive displacements because of 
random collisions with other molecules, there exist 
no directed forces upon it of long duration. It is 
equally likely to be momentarily displaced in one 
direction as in any other. In the surface of a liquid, 
the situation is quite different; beyond the free 
surface, there exist no molecules to counteract the 
forces of attraction exerted by molecules in the in- 
terior for molecules in the surface. In consequence, 
molecules in the surface of a liquid experience a 
net attraction toward the interior of a drop. These 
centrally directed forces cause the droplet to as- 
sume a spherical shape, thereby minimizing both 
the free energy and surface area. 

From the macroscopic point of view, surface ten- 
sion may be regarded either as a force exerted 
normally to a unit length in the surface, or as the 
work which must be expended upon the liquid to 
int tease its area by unity. Accordingly, surface 
tension is expressed in cgs units of dynes/cm or 
eigs rm-. From the microscopic point of view, the 
suiface tension (or its equivalent, surface energy) 
is the reversible isothermal work which must be 
done in bringing molecules from the interior of 
the liquid to the surface and creating I cm*^ of new 
surface thereby. 

Most liquids have surface tensions of 20-40 
dynes/cm at room temperature, but water has the 
exceptionally high value of 72.75 dynes/cm at 
2()°C. Condensed gases such as helium and nitro- 
gen have ijiiite low surface tensions (0.098 
dynes /cm at 4.3° K and 6.2 dynes/cm at 90.2°K, 
respei rivclv ) . Liquid metals have large surface 
tensions by comparison: mercury, 470 dynes/cm; 
and liquid copper at 113PC has a surface tension 
of 1103 dynes/cm in hydrogen gas. Small but sig- 
nificant differences in the surface tensions of liq- 
uids depend upon the composition of the vapor 
phase. 

In the wetting or nonwetting of solids by liquids, 
the Niriterion employed is the contact ani^le be- 
tween the solid and the liquid (measured through 
the liquid), (Fig. 1). A liquid is said to wet a 
solid if the contact angle d lies between 0° and 
90°, and not to wet the solid if the contact angle 



(o) (b) 

Fig. 1 . Contact angle, (a) Liquid wetting solid* 
(b) Liquid not wetting solid. 
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lies between 90® and 180®. Three interfaces exist 
when a droplet of liquid contacts a solid, and three 
corresponding interfacial tensions exist: ysL^ ysv* 
and y^v. The subscripts S, L, and V refer to solid, 
liquid, and vapor. At equilibrium, a balance of 
interfacial tensions exists at the line of common 
contact, which intersects the figures at point O. 
For the case of a liquid which wets the solid 
(0 < 90®), this equilibrium is expressed by the 
relation : 

ysi “ y^L + yL\ cos 0 

Capillarity. Liquids which wet the walls of fine 
capillary tubes rise to a height which depends upon 
the tube radius, the surface tension, the liquid 
density, and the contact angle In Fig. 2, a liquid of 
density p is shown as having risen to a height h in 
a capillary whose radius is r. A balance exists be- 
tween the force exerted by gravity on the mass of 
liquid raised in the capillary and the opposing 
force caused by surface tension. The former is 
nr'hpg, whereas the latter is 27rry, assuming the 
contact angle to be zero. It is clear that 
h = 2y/rpg, and that the capillary rise varies in- 
versely with the tube radius and the liquid density 
Liquids which do not wet the capillary walls are 
depressed in height according to the same equa- 
tion. 

The shape of the free surface of a liquid in a 
vessel is only an approximation to a plane In nar- 
row tubes the meniscus of a liquid is concave up- 
ward if the liquid wets the tube, and conversely 
convex upward it it does not wet the tube A 
pressure difference exists between the i oncave 
and convex sides of the siirfac e, the excess pressute 
on the concave side over the convex side being 
given bv the relation 



FIq. 2. Rise of liquid in capillary tube. 



where and r* are the principal radii of curvatur, 
of the 8UI face. The same equation applies fof ' 
bubble of gas within a liquid, with the tonJ 
quence that the vapor pressure p is larger 
small bubbles according to the relation 

po rp RT 

whore po is the vapor pressure over a liquid siirfdu 
of infinite radius, R is the gas constant, and M 
the molecular weight. Ser Vapor PRLbSl)R^ 
Detergents, soaps, and flotation agents owe tlini 
usefulness to their ability to tower the surface tui 
sion of water, thereby stabilizmg the formation n 
small bubbles of air. At the same time, the inter 
fa< idl tension between solid particles and the ]i(| 
iiid phase is lowered, so that the partu les arc inor* 
readily wetted and floated after attai hment to an 
bubbles. .See Fiotafion; Interface of piusts 
Para(HOR; SiiRi A( f-ac iTvr ai,ini. |ni!n 

Ribhography: N. K. Adam. The ThysKs urn 
Chemistry of Surfaces, 3d ed , 1941; S (dasMom 
Textbook of Physual Chemistry, 2d ed . 


Surface water 


A term commonly used to designate the water floiv 
mg in stream channels. The term is sometimes usff 
in a broader sense as opposed to “subsiirfaM 
water” In this sense, surface water includes 
in lakes, marshq^, glaciers, and reservoirs as 
as that flowing in streams In the broadest sin^ 
surface water is all the water on the surfd< e of tin 
earth and thus includes the water of the oieaii' 
Subsurface water includes water in the root zonf 
the soil and ground water flowing or stored in tin 
rock mantle of the earth Subsurface water differ 
from eurface water in the mei hanics of its 
ment as well aa in its location. 

Surface and suhsuiface water are two stage'll) 
the movement of the earth’s water through the h\ 
drologic cycle. The world’s ocean and atniosphen 
moisture are two other main stages of the gran' 
water cyi le of the earth At any time there is a «ci 
tain quantity of water in the various stages of th* 
cycle. For example, the 11.5 X 10^ acre-ft of watf 
in the atmosphere is much greater than the 0.25 ) 
10‘’ acre-ft of water in the stream channels. 
Hydrology. 

Considerably more may be outlined conoernin 
water’s rate of movement through the several stag*! 
of the hydrologic cycle. In some stages, glaciers lo 
example, water is locked up for long periods c 
time: but water in the atmosphere or in the stream 
is transient. A numerical value for the tiin*^ ‘ 


transit of watei is its detention period in vear^ 
specifically^ t||e ratio between the bulk or voliiw 
of water in‘a''>given stage of the hydrologic cy^ 
and its mean rate of flow through that i 

example, the earth’s supply of water as • 
amounts to about X 10* acre-ft. Tbf 



rate of through the hydrologic cycle is of the 
Irdtr of 320 X 10® acre-ft per year. Thus the deten- 
period is about 3000 years; that is, on the 
a\era>;e. each particle of the earth’s supply of 
»arer pai takes in movement through that cycle 
,nte in 3000 years. This is an average -some par- 
ti(|ps ma\ move more than once, some part way, 
^nd M»mc not at all in this period of time, 

Ihe following table gives estimates of the 
^jnounis of water in various parts of the hvdrologK 
Mk and their detention periods. 
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I’ rnd> he noted that surface water on the conti- 
mnlH Is hut a small part of the world’s water and 
liial the hulk of that is in fresh-water lakes. How- 
‘'<1 ihr detention period is also short This means 
iliii ihe surface-water part, and especiallv the 
''itM in the streams, is rapidly discharged and re 
plenished That is why surface water, as well as the 
didllower ground water, is called a renewable re- 
Water that has a detention period of more 
ihan a generation is not renewed within sufficient 
*nne to be so considered. 

Source of water in streams. Precipitation that 
'■^‘dfhes the earth is subdivided by processes of 
♦•'aporation and infiltration into various routes of 
''iili^P(|uent travel. Evaporation from wet land sur- 
faips and from vegetation returns some of the water 
*0 the atmosphere immediately. Precipitation that 
idIU at rates less than the local rate of infiltration 
t'nters the soil. Some of the infiltrated water is re- 
*a*ned in the soil, sustaining plant life, and some 
•^^athes the ground water. 

Because of the slope of the land surface, the 
P*‘e(ipitation that exceeds the capacity of the soil 
absorb water flows overland in the direction of 
* . steepest slope and concentrates in rills and 
*®>oor channels. During storms most of the water 
•ttJ’face streams is derived from that portion of 
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the precipitation which fails to infiltrate the soil. 
In some forested areas of high relief and probably 
in some other areas, stormflow in stream channels 
is composed, in large part, of water which was in- 
filtrated into the surface soil but which moved rap- 
idly through the surficial mantle of litter and humus 
to the channels. 

When streams are low, on the other hand* the 
bulk of the water in channels is the contribution of 
ground water derived from precipitation that in- 
filtrated during storms. The flow of surface streams 
during rainless periods represents the gradual 
draining of water stored temporarily in the ground. 
Dry-weather streamflow i« the overflow of a ground- 
water reservoir. 

The distinction between surface and subsurface 
water, though useful, should not obscure the fact 
that water on the surface and water underground is 
physically connected through pores, cracks, and 
joints in rock and soil material. In many areas, 
partuiilarlv in humid regions, surface water in 
stream channels is the visible part of a reservoir, 
which IS parllv underground; the water surface of 
u river is the visible extension of the surface of the 
gioiind watei. 

Disposition of precipitation. Streamflow repre- 
sents only a small percentage, on the average, of 
the wdtei that falls as piec ipitation. The flow in 
sti earns under natural conditions is called runoff. 
The ratio of average annual runoff to average an- 
nual piecipitaiion in the United States ranges from 
20 to 40 in humid paits of the United States and 
from 2 to 4^4 in semiarid areas. On the average, 
the annual budget of water over the United States 


is roughly as follows: 

Cl age pre< ipitation 30 in. 

Runoff h\ rivers to sea 9 in. 

Evapolranspiration from plants and soil 21 in. 
Transport of atmospheric moisture from 

oceans to continental area 9 in. 


The 30 in of water contributed by precipitation 
must be balanced by a return of water to the atmos- 
plieie There are 21 in. returned to the atmosphere 
bv evapotranspiration from the continental grea 
and 9 in. flow to the oceans. Thus, to balance the 
atmospheric budget, the 9 in. of water that is trans- 
porjed as vapor from the oceans to the continents 
mtist be included. 

Average runoff. There are great geographic vari- 
ations within this average balance as can be visu- 
alized by a map showing annual runoff in the 
United States. The total runoff is greatest in areas 
of highest precipitation and lowest losses. In the 
mountains of the Northwest, where precipitation is 
as much as 150 in. annually, the runoff in surface 
streams is more than 50 in, annually over a con- 
siderable part of the high mountain country. 

Much of the semiarid parts of New Mexico, Ari- 
zona, and parts of California and Nevada yield an 
annual runoff of only a few tentba of an inch Ironi 
a precipitation of 4-8 in. In the mountainena tfkrts 
of the same areas, precipitation reaches SMS ieu 
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and, locally, the runoff may average a^ much as 10 
in. annually from small areas. Much of the United 
States west of the lOOth meridian has an average 
annual runoff of less than 3 in. 

Discharge in nearly all streams has a marked 
annual cycle. Spring and early summer are usually 
periods of high flow resulting from snowmelt and 
rain during a period of relatively low water-loss by 
transpiration. Late summer is often the period of 
lowest flow owing to the infre(fuency of precipita- 
tion and to the maximum use of water by leafy 
vegetation. The distribution of runoff throughout 
the year is not the same for the whole country, how- 
ever, because it varies regionally depending on the 
seasonal distribution of precipitation and on the 
importance of snowmelt as a source of runoff. 

Individual stream.^ and rivers in the United States 
have been measured over varying periods of time 
at about 12,000 sites {see Strkam gaoinc). Daily 
discharge at most of them is published bv the U.S. 
Geological Survey (USGS) in the series of Water- 
Supply Papers, entitled Surface Water Supply of 
the United States. The data are tabulated for each 
measuring station and are grouped in volumes by 
river basins. 

If a stream goes dry occasionally or does not 
have enough flow to satisfy a desired use. storage 
reservoirs can be built to conserve high flows for re- 
lease during low-flow periods. The design of such 
reservoirs requires a knowledge of how low a flow 
Is likely to be experienced, how long it mav last, 
and how frequently it can be expected to recur. 
Streamfltm records can he analyzed to answer these 
questions. 

Extremes of runoff. The amount of streamflow 
available during periods of extremely low flow ran 
be shown by flow-duration curves and other types 
of low-flow frequency analysis. Flow-duration 
curves, which express the per cent of time the flow 
of a particular stream has been equal to or greater 
than any given quantity, have long been used in 
water-power studies, and curves showing the fre- 
quency and severity of annual lows are now being 
used in water-supply studies and stream-sanitation 
studies. The preparation of such <'urves is facili- 
tated bv the use of electronic computers. Many 
such computations have been made and published, 
but there is no single source or systematic publica- 
tion of such material. Summaries of published data 
on low flows for some rivers in the United States 
may be obtained from the USCS. 

Much more information is organized and pub- 
lished on floods than on low flows. Representative 
values of peak discharges showing the magnitude 
of extreme flows experienced in drainage basins of 
various sizes are given in the following table. 

Data similar to those included in the table are 
)>ublished in a systematic manner under the head- 
ings of “extremes” in the tabulated flow data for 
individual gaging stations in the Water-.Supply 
Papers of the USGS. Flood expectancy, even for 
ungaged places, may be estimated from curves the 
uses is publishing in a series of papers dealing 


Representative values of extreme peek Hum 


River 

Date 

Drain- 

age 

area, 

mi* 


Rig Branch near 
Wayneaville, IM C 

Aug 30, 1940 

0.4 

4,500 

11.000 

9.800 

3.000 

3.7Mi 

.1320 

Big Creek near 
Wayneaville. N.C 

Aug 30. 1940 

1 32 

32,900 

l.aurel Creek above 
While Pine. W Va 

Augiiat, 1943 

2.42 

7.400 

Cameron Creek near 
Tehuchupi. Calif 

Sept 30, 1932 

3.59 

13.500 

IJnriuine<l Oeek near 
York. Nebr 

Jiily9. 19.'i0 

6 93 

23,000 

Meyera (Canyon near 
Mitf'hcll, Oreg 

July 13, IV.'iO 

12.7 

54.500 

S2<n) 

Alazaii Creek, below 
Martinez Creek, 
'r«K 

Sept 9. 1921 

17.1 

25,900 

1 "jIO 

Suloin Creek below 
W(xmJbIowii, M J 

Sept 1,1940 

’ 17.5 

26,100 

1 

Morgan Creek near 
Cbupel tiill, N C 

Aug 4, 1924 

29 1 

30.000 

1 (UO 

Pine Tree Canyon, 

12 milea north of 
Mohave, Calif 

Aug 12, J9:U 

35 0 

59 500 

1 7011 

KIkhorn Creek, 
Keyalone, W Vu 

June, 1901 

44 

60,000 

1 Old 

Little INI emahii River 
utSyracuae, INehr 

May 9. 1950 

218 

225,000 

1 00) 

Ciiadaliipe River near 
Ingram, I'ex 

July 1. 19.32 

336 

206 000 

ftp 

W INiiei ea River near 
Briu'kett ville, 1 ex 

June 14, 193.5 

402 

580 000 

1 ilo 

W IN ueeea River near 
Cline. Tex 

June 14. 1935 

880 

536.000 


Kel River at Srotiu, 
Cahf 

Dec 22. 1955 

.3,113 

541.000 

r» 

Devila River near 

Del Rio, Tex 

Sept 1,1932 

4 060 

597,000 

it 

Neoaho River near 
Purauna, Kuna 

July 14. 1951 

4817 

410 000 

K”) 1 

Little River al 
Cameron. Tex 

/Sept 10,1921 

7,000 

647 otto 

02 t 

Ohio River at 
Sewieklev, Pa 

Mar 18.1936 

I9,.500 

574 000 

20 t 

Suaqiiehnnnii River 
at Marie! la. Pii 

Mar 19.1936 

25.900 

787,000 

10 i 

Ohio River a 1 
Kvanaville, Ky 

Jan 29. 19.37 

107,000 

1 410 000 

n. 

Ohio River at 
MelroiNilm III 

Fell 1.1937 

20.3.000 

1.B50 000 

VI 

Colli nihia River at 
The Dullea, Oreg 

June 6. 1B94 

237,000 

1.240.000 



with the frequency and magnitude of floods b> m 
dividual states or areas. By 19.S9 these anah*'?" 
were complete for about half of the nation. 

Relation of runoff to drainage area. Averagr 
water yield or annual runoff in a physically hoin»' 
geneous area increases in direct proportion to th** 
size of the drainage basin, but this is not true 
flood potentiality. Small drainage basins produce 
larger peak flows per unit of drainage area than do 
large basins. The relation between magnitude ot 
flood peak and the contributing drainage area ina> 
be expressed by the following equation : 

Q « aA^ 

where Q is discharge in cubic feet per second (cfcb 
A is drainage area in square miles (mi’O^ ® [ 

are coelficients^ If Q represents the average annua 
water yield, then the value of c is approxim®*^' 
unity for most basins in humid areas. If Q repT^ 
sents peak flood discharge of a given frequency 
recurrence interval^ such as a 10-year or 50^®*^ 
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Mississippi River at Minneapolis, Minn. 



ncrajie ret tirrence interval, then past observations 
indicale that the value of r is between 0.7 and 0.8 
*"r a large variety of drainage basins. 

Some reasons for these differences in exponents 
as follows. Each square mile of a homogeneous 
drainage basin contributes an equal quantity of 
‘'airr over the course of many years. Therefore, 
•Ih' axerage annual runoff from a drainage basin is 
'imply the summation of the contribution of each 
•mil area. 

iVak rates of runoff during floods, on the other 
^mnd. may be viewed roughly as the contributions 
the parts of the drainage basin at varying 
di‘'iances away. The different distances mean that 
dip peak flood contributions reach the several 
Nnts downstream at different times, and the far- 
dmr downstream one goes, the greater the flood 
''ave ij, spread out. The flattening action is in- 
^^pased hy the temporary storage of water in the 
■‘*reaiti channels and in the bordering flood plains. 

it moves downstream, the flood crest is increased 
' the contributions of tributaries, but ' because 
’ contributions are not synchronized, the peak 
l^j^^f^hutions are not simply additive. Owing to the 
mys dya to ehannel storage, flood-peak dis- 
'’harges increase with drainage area, but to a power 


less than unity; peak flows per unit of drainage 
area decrea se with drainage area. 

Quality of water. The usefulness of available 
water is often limited by its quality. Good quality 
often i.s considerably more important than unlim- 
ited quantity, particularly in industry. 

It is characteristic of river waters to vary in 
chemical and physical quality almost continuously. 
The chemical quality of the water in lakes, par- 
ticularly large ones, remains relatively constant 
throughout the year. Differences between streams 
art caused by several factors. These include (1 ) the 
nature of soils and rocks over and through which 
the water flows, (2) the length of time the water 
is in contact with various rock types, (3) the water 
quality of tributary streams, (4) proportion of flow 
due to ground- water discharge, (5) flood and 
drought oonditions, and, of course, (6) man-made. 
pollution."Figure 1 illustrates seasonal variations in 
amounts of dissolved substance in two large 
streams. 

Figure 2 illustrates variation in dissolved solSds 
with streamflow. In general, streams flowing ipto 
the Atlantic Ocean, eastern GuM of Mexico, andihe 
North Pacifle Ocean are of good to excelletit 4^- 
ity for general purposes, i Dissolved matter Ind 
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Fig. 2. Discharge and dissolved solids in Allegheny 
River at Kittanning, Pa. 

hardness are usually below 100 parts per million 
(milligrams of dissolved substance in a liter of 
water) and often below .SO This applies to streams 
in their natural state and d(»es not take into account 
the effects of pollution. 

Midcontinent and southwestern streams generally 
have high concentrations of dissolved matter, some 
excessively so, and must be treated extensively for 
a large variety of general uses. For example, the 
water of the Missouri River at Kansas City has 
about 220 500 ppm of dissolved matter and hard- 
ness of about 190 300 ppm during a typical year 
A generalized picture of the variations in surface- 
water quality throughout the United States is given 
in Fig. 3. 

The temperature of streams varies continuously 
throughout the year, ranging from a minimum of 
freezing (about 32°F) in winter in noithern lati- 
tudes to a maximum of about 90° F in summer in 
southern latitudes. The monthly average water tem- 
perature generally follows rathei closely the 
monthly average air temperatures except in areas 
where the flow is made up largely of melting snow 
or ice, or of ground water. The water temperature 
of streams fed by snowmelt is lower than the air 
temperature for some distances downstream from 
the snow fields. The water temperature of streams 
whose flow comes from ground water tends to be 
more uniform and in summer months is usually 
colder than the average air temperature. 

Sediment also affects surface-water quality. 
Nearly all streams are turbifl during flood periods, 
some carrying tremendous quantities of sediment 
wh|ch must be removed before the water is suitable 
for industrial and most other uses. In eastern 
United States the amount of suspended matter in 
typical streams seldom exceeds 0.3% (3000 ppm) 
and generally averages a few hundred p&rts per 
million* In many midcontinent and western streams 
sediment concentrations are much greater, a maxi- 
mum of 10% not being uncommon in some streams; 
frequently the maximom is considerably higher. 

T^e sedimeitt^carrying characteristics of west- 
ern streams range from relatively clear-flowing 
mountain streams to near mud flows in the inter- 


mittent streams of arid regions. The sediment go 
centration of the Colorado River at Grand Gan ^ 
Ariz., averaged about 0.6% (6000 ppm) for 
riod of nearly 30 years, ^ 

Data on the chemical and sediment loads of 
streams in the United States are published systsm 
atically in the Water-Supply Papers of the USCS 
Characteristics of river channels. Rivers and 
streams form channels which are the routes of 
transport for water and debris-load delivered to 
them by the basin during the slow process of land 
scape degradation. Channels have certain oharar 
teristics that are amazingly universal regardless of 
the location of the river basin. The basic mechanir« 
which lead to these common characteristics are 
only imperfectly understood. ^ 

Water only partly fills the channel during penodv 
of low flow. Generally, on more than half the j 
in a year, only the lowest one-fifth of the channel ' 
depth is filled with water. The channel flows bank 
fill about once a year on the average. Though tliN 
varies somewhat from reach to reach and from one 
river basin to another, the generalization that the 
channel is constructed by the river so that it over 
flows once every year or every two years is one of 
the most interesting and potentially useful Hems of 
information about natural channels Berause i 
flood IS, by definition, a flow which exceeds channel 
capac ity, the above generalization emphasiyes 
fact that flooding is a natural characteristic o! 
rivers. 

Natural channels tend to be roughly trape/oidai 
rather than elliiffical or semicircular. The width of 
the water surface along the channel at anv given 
frequency of flow (high flow or low flow) generally 
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Fig 3 Chemical campailtion of water In 
badni. Data are for the fothngingi (1) Delewoie 
at Trer»ton, NJ., 1951, (2) Savannah River near W- 
6a., 1940, (3) Ohio River at Cincinnati, OWo, 

(4) Brazo* River at Richmond, Te*,, 1951, (5) Colo»^ 
River neor Grand Canyon, Ariz., 1951, (d) Cdin"*" 
River near Rufu*> Oreg„ 1951, (7) YeHowitan* 
at Billlnos, Mont., 1951, ond (8) AMmoutI Rhmr 
riK, loei 



creases as the square root of the discharge, as 
barge increases downstream with the addiuon 
t tributaries The ^ape of the channel cross see* 
» asymmetric at bends, the deepest part being 

„rtr the concave bank 

Xhe depth increases downstream but not as rap- 
idl) as the width The width-depth ratio increases 
i«wn'«tream as about the 0.1 power of the dis- 
' charge or 



«here u and d are respectively mean width and 
mean depth, and Q is discharge of a given fre- 

|ucntY 

Channel <«lope or gradient decrease*^ downstream 
fTcneralh following an exponential or logarithmic 
la^ Also, size of debris composing the bed tends 
i) diminish downstream Despite the decreasing 
dope in the downstream direction, mean water 
increases slightly along the length of a 
rner or maintains a roughly constant value [ l B i ] 
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ihel nited States, USGS Giro 52, 1949, L B Leo 
p»ld and W B langbein, A Primer on Water, 
I S(,S 1959 I B I eopold and T Maddock Ir, 
Ih Hydraulic Geometry of Stream Channels and 
^ome Physiographic Implications, USGS Profess 
Paper 252 1955, O E Meinzer (ed ), Hydrology, 
1919 R L J^ace, Water Management, Agriculture, 
and Ground Water Supplies, Annual Meeting, Am 
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Surface-active agent 

\ substance that, even though present in small 
amtujnls exerts a marked effect on the surface be- 
havior of a system These agents are essentially re- 
''ponsible for producing great changes in the sur- 
late energy of liquid or solid surfaces, and their 
ihilitv to lause these changes is associated with 
their tendency to migrate to the interfac e between 
two phases Consequently, surface-active agents 
art* of potential interest wherever there are solid- 
"olid solid liquid, solid-gas, liquid liquid, or liq- 
’“tJgas interfaces, and of particular interest at 
hquidgas interfaces at which the surface-active 
agent is a solute whose presence makes the surface 
properties of the solution greatly different from 
those of the solvent See Interfaces of phases. 

Mechanism. Soap, for example^ when dissolved 
tn small quantities in water, is responsible for 
gJ'eatly decreasing the surface tension of water, 
*jjd It IS this property of soap that accounts for its 
ability to act as a detergent (see Soap and deter- 
In contrast to soap and other related sub- 
atances that lower the surface energy of a liquid, 
solutes, such as inorganic salts, acids, and 
may increase the surface tension of a liquid 
^ illustration), but dieir effect in increasing the 
^®Hsion is not nearly so great as the effect 
agents that decrease the surface tension, 
^'^^••ionally the term surface-inactive solutes is 
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concentration of soap, NoOOCCtiiH)!/ % by wt 

Effect of surface-active agents on the surface tension 
of water 


applied to these substances whose presence causes 
an mciease in surface tension 
The importance of surface active agents is indi- 
cated by their strategic necessity in such processes, 
as lubricalion, wetting foaming, emulsification, de- 
tergency water repellence, waterproofing, spread- 
ing, and dispersion In lubrication, for example, 
the oiliness of a hydrexarbon oil can be improved 
by the addition of a surface active agent In order 
to ai hieve lubrication between two solid surfaces, a 
thin film of liquid must be preserved in the space 
between the two solid surfaces The viscosity of 
this liquid film and the ability of the liquid to wet 
the solid surfaces determine the resistance of the 
luiiricant system to being squeezed mechanically 
from the region between the two solid surfaces. 
Addition of fatty acids, fatty oils, metallic soaps, 
and various derivatives of aromatic and aliphatic 
hydrocarbons commonly improves the lubricant 
qualities of mineral hydrocarbons, and these addi- 
tives are truly surface-active agents 

The mechanism by which surface-active agents 
alter the surface energy of a solid or liquid is at- 
tributed to the dual nature of the molecules or ions 
of these subutances. Within a single molecule or 
ion of a surface-active agent, there is a group that 
is lybphiUc toward the dispersing medium or sol- 
vent, and at a suitable distance within the same 
molecule or ion, there is another group that is 
lyopbobic toward the dispersing medium This 
ability to embody within the same molecular parti- 
cle two different groups whose properties are di- 
ametrically opposed is sometimes termed amphi- 
pathy. For, example, the surface activity of sodium 
oleate, NaOOCCtaHai, ia attributed to the com- 
bined effect of the hydrophilic ionic carboxyl salt 
group at one end of the molecule and the hydro-* 
phobic hydrocarbon group that constitutes the re- 
mainder of die molecule. In a dilute solution of 
sodium oleate, the solute migrates to the surlace 
where the hydrojdiobic parts of the mdeetdes -can 
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achieve their lowest energy positions as the result 
of the solvent’s striving to exclude the hydrocarbon 
group from the solution. Even though the external 
phase is gaseous, the hydrophobic groups find a 
sufficiently sympathetic environment at the surface 
of the liquid. If, on the other hand, the external 
phase were an oil, the hydrocarbon groups would 
find an even more sympathetic environment, and in 
either event, the surface energy of the original sol- 
vent would be greatly diminished. 

Clatsificgtion. Surface-active agents are usually 
classified in three groups, anionic, cationic, and 
noniqnic types. Anionic types include carboxylate 
ions such as occur in sodium oleate. The carboxyl 
group may be attached directly to the hydro- 
phobic group, or there may be an intermediate 
ester, amide, or sulfonamide linkage. There are a 
large number of anionic agents derived from sul- 
furic and sulfonic acids in which the hydrophobic 
groups attached to them include aliphatic and 
aromatic groups that often contain substituents of 
varying polarity, such as halide, hydroxyl, ether, 
and ester groups. 

Cationic surface-active agents are usually de- 
rived from the amino group where, through either 
primary, secondary, or tertiary amine salts, the 
hydrophilic character may be achieved by aliphatic 
and aromatic groups that may be altered bv sub- 
stituents of varying polarity. Other nitrogen com- 
pounds, such as quaternary ammonium compounds, 
guanidine, and thiuronium salts, are included in 
the cationic class. 

The third class of surface-active agents, the non- 
ionic type, are organic substances which contain 
groups of varying polarity and which render parts 
of the molecule lyophilic, whereas other parts of 
the molecule are lyophobio. Examples include 
polyethylene glycol, polyvinyl alcohol, polyethers, 
polyesters, and polyhalides. In this class are often 
included certain colloidal substances such as graph- 
ite, powdeied metals, metallic oxides, clays, macro- 
molecules, and polymers. See Fiotation; Lubri- 
cant; SURIACr TFNSION. fw.H.S.] 

Bibliography X J. L. Moillet and B. Collie, Sur- 
jace Activity^ 1951 ; A. M. Schwartz and J. W. 
Perry, Surface Active Agents^ 1949. 

Surface-barrier transistor 

A transistor in which the emitter and collector are 
formed on opposite sides of a semiconductor wafer 
by a combination of jet etching and plating tech- 
niques. The material is usually n-type germanium. 
Imf>roved performance results from slight pulse 
heating of the plated contacts, so that in practice 
there may be microalloyed or diffused emitter and 
collector regions under the plated contacts, giving 
a p-n-p-type transistor structure. These transistors 
are high-frequency units which range up to 150 
megacycles. They have a low power-dissipation rat- 
ing of about 30 milliwatts. 

The method of fabrication is unique and lends it- 
self to automation. A wafer of n-type germanium is 
mounted between two very small nozzles which 
train two jets of electrolyte against its opposite 
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surfaces. The wafer is electrically biased positive 
with respect to the electrolyte. As the etching pro 
ceeds and the web of germanutjm becomes thin, the 
resistance to flow of etching ciArent increases At a 
predetermined value the polarity of the germanium 
is reversed and appropriate metal ions in the elec 
trolvte are plated out on the freshly etched 8urfa»e 
of the wafer. This method gives good control oi 
thin base regions and thus is effective in minimi/ 
ing the base transit time of injected carriers. 

The abrupt nature of the plated barriers tends u 
give a high collector capacitance, and most iinil* 
show a lower current gain than a normal pnj 
transistor 

A variation of this technique produces a highf'r 
frequency unit with better gain characlcnstics i 
is called the Micro- Alloy-Diffused-Transisior n' 
MADT. This is prepared by the jet etching am 
plating technique applied to a wafer with a previ 
ously diffused in^punty gradient. After plating llu 
emitter and collector regions, the unit is heat 
treated to produce a slight alloying of the contati- 
to give them the superior properties of allo^ jum 
tions. By limiting the penetration of the allov 1( 
a microscopic region, the base width control « 
the jet etching and plating technique is retained 
See Transistor. [l.phi 

Bibliography \ J. W. Tiley and R. A. Williaim 
Electrochemical techniques for fabrication of ‘‘Ui 
face-barrier transistors, Pror, IRE, 41:1706 1708 
1953. 

Surgery 

The field of medicine concerned chiefly with th 
treatment of disease or injury by means of oper* 
tive or manipulative procedures. 

Crude stone instruments were used by prinn^*' 
man for trephining, blood-letting, and other proc< 
dures. These were gradually replaced by bron» 
then by iron and steel instruments as these metal 
appeared. Various civilizations, such as the Eg)l 
tian, Babylonian, Hindu, and Chinese, advanced l 
certain levels of surgical proficiency at differ* 
times. Hippocrates separated science from rclig*® 
and philosophy, innovated observation and rcav>i 
and compiled the ethical code still used by 
clans. Galen, although a skilled practitioner, 1^ 
scientific method to write voluminously in the que 
tionable light of pragmatism. ^ . 

For the next 1700 years Galen’s authority 
nal in all things medical and surgicaL TM 







, medieval times suppressed the new and 
hTquestioni®** although certain innovations were 
'nfoorsgcd if Qiristian motives were involved. 
J^reat universities, hospital systems, and medical 
/ lation arose and the development of medicine 
and surgery proceeded sporadically. Surgery be- 
rime divorced from medicine and was often rele- 
gated to barbers and sow-gelders because the 
learned did not wish to handle the sick and the 
maimed Here and there an individual surgeon 
made his often obscure contribution. 

From the Renaissance into the nineteenth cen- 
>iirv great figures in surgery arose and new tech- 
niques and principles were developed. The relief 
,if pain through use of anesthesia, introduced in 
1846, initiated the modern period of technical ad- 

vancpmpnt. 

\nestheMa was soon followed by Robert Lister's 
inti^eptir techniques in 1867, based partially on 
Pasteur’s work with microbes. During the 
great wars of the nineteenth and twentieth cen- 
Pines, siirgic al knowledge advanced rapidly. 

Since 1930 the prevention and treatment of 
shock, antibiotic therapy, and higher standards of 
pre and postopierative care have given rise to the 
devdopmcnt of new methods and operational tech- 

nM|iJe^ 

The increasing scope of the field of surgery has 
Ird lo specialization. In the United States and cer- 
idin other countries, 4-8 years of training in a siir- 
pical specials are required after the completion 
medical school. Appropriate professional groups 
then arrange examinations for candidates who, if 
become certified as specialists. Cur- 
ifnilv recognized surgical specialties include gen- 
eral surgery, thoracic, plastic, orthopedic, and neii- 
n»^urgery besides the fields of ophthalmology, 
otolaryngology, proctology, and urology. In each 
of these, surgery plays a prominent role but other 
foims of treatment are, of course, also employed, 
llfspiie this high degree of specialization, there is 
‘lose correlation between the surgeon and other 
nif^dical specialists and general practitioners. Ad- 
junct specialties, such as anesthesiology and physi- 
<'al medicine, at the physician level, have devel- 
in addition to large groups of specially 
irdined technical and nursing personnel. See Anes- 
THFTK 

The general practitioner, often skilled in minor 
major surgery, is still the mainstay of most 
^-mailer communities. There is a current trend to 
'‘ncourage the development of the well-trained gen- 
physician rather than over-specialization for 
medical student. 

Advances in surgery since 1946 have had many 
^Htnatic and far-reaching implications. Corrective 
the blood vessels and of the heart, jn- 
^uding the use of stored tissue or prosthetic de- 
d V ’ aiding patients who formerly would have 

*®d or remain^ chronically ill. Plastic surgery 
^ allowed the rehabilitation of thousands maimed 
i ^ ^Jisaster, and accidents. The use of surgery 
® the treatment of malignancy remains the only 
««lnent, so far, in which definitive results can be 
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seen. Neurosurgery is developing procedures for 
the treatment of nervous diseases formerly thought 
to be hopeless. Basic investigative work has brought 
about the methods for preservation and storage of 
blood, bone, and other tissues to be used when 
needed. See Prosthesis. [e.g.st.] 

Surging 

A sudden and momentary change of voltage or cur- 
rent in a circuit. It can be due to a sudden change 
in the applied input signal, a sudden change in the 
load placed on the circuit, or to the action of a re- 
lay, switch, or other device that changes operating 
conditions within the circuit. The resulting surges 
or transients are often called pulses or impulses 
when they have only one polarity. An oscillatory 
surge includes both positive and negative polarity 
values. Surging in electric circuits corresponds to 
overshooting. Cathode-ray oscilloscopes are fre- 
quently used to obtain visual patterns of the tran- 
sient voltages due to surging. See Transient, 
ELECTRIC. [j.MR.] 

Surveillance radar 

Ground radar used for traffic control purposes in 
the approach and landing zone. This radar is used 
primarily to assist controllers in converting ran- 
dom arrivals to regular landings and in positioning 
such aircraft so that they may make low ap- 
proaches by the use of a fixed-beam, low-approach 
system or a precision radar low-approach system. 
See Air traffic control. fp.c.s.l 

Surveying 

The measurement of dimensional relationships 
among points, lines, and physical features on or 
near the earth's surface. 

Basically, surveying determines horizontal dis- 
tances, elevation differences, directions, and angles. 
These basic determinations are applied further to 
computation of areas and volumes and to establish- 
ment of locations. 

Surveying is typically applied to such jobs as 
locating and measuring property lines; laying out 



Fig. I. Sttbtonm bor. (Lockwood, Kogshr, and BaHhH, 
Inc,) 
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a new dam, building, road, or pipe line; and map- 
ping the topography of an area. See Civil engi- 
neering. 

Horizontal measurements usually are assumed to 
be parallel to a common plane. Each measurement 
has both length and direction. Length is expressed 
In feet or in meters. Direction is expressed as a 
bearing of azimuthal angle relationship to a ref- 
erence direction {see Azimuth). The degree-min- 
ute-second system of angular expression is stand- 
ard in the United States. 

Reference, or control, is a concept that applies 
to the positions of lines as well as to their direc- 
tions. In its simplest form, the position control is 
an identifiable point of origin for the line or lines 
of a survey. Broader utility derives from a system 
of coordinates, wherein each point's position is ex- 
pressed in terms of a distance north and a distance 
east of a point of origin located south and west of 
the survey area. 

Coordinate systems may be assumed, or estab- 
lished coordinate systems may be used. The most 
widely adaptable systems in the United States are 
the State Plane Cf>ordinate systems, based on 
planes established by the U.S. Coast and Geodetic 
Survey (USCGS). 

Vertical measurement adds the third dimension 
to an object’s position. This dimension is expressed 
as the distance above some reference surface, usu- 
ally mean sea level, called a datum. Mean sea level 
is determined by averaging high and low tides dur- 
ing at least a lunar month (see Sea level fluc- 
tuations). 

Precision. Surveying devices and procedures pos- 
sess individual limitations for accuracy of measure- 
ment. The term precision expresses the idea of 
degree of accuracy. 

The choice of methods depends on the precision 
required for the result. Surveys of valuable prop- 
erty or major bridge layouts demand higher orders 
of precision than, for example, a preliminary high- 
way profile. 

Instrumental surveys are designated first-order, 
second-order, third-order, and fourth-order. First- 
order is maximum precision; fourth is minimum. 
Established criteria differentiate the orders of pre- 
cision. 

Horiaontal control. The main framework, or con- 
trol, of a survey is laid out by two main techniques, 
traverse and triangulation. Electronic trilateration 
also is used. 

In traverse, adopted for most ordinary surveying, 
a line or series of lines is established by directly 
measuring lengths and angles. In triangulation, 
used mainly for large areas, angles are again di- 
rectly measured, but distances are computed trigo- 
nometrically. This necessitates triangular patterns 
of lines and starting from a base line of known 
length. New base lines are measured at intervals. 
Trigonometric methods are also used in electronic 
trilateration, but lengths,* rather than angles, are 
measured by electronic range-finding instruments. 

Tratfersing, Traversa lines are usually laid out as 
8 closed polygon. This makes it possible to check the 


accuracy of the field work by computing howResrl 
the figure closes mathematically. Conununly^I 
are both angular and distance errors of 
Angular error is checked by geometric theory. ^ 
sum of all interior angles in any polygon mua 
equal the number of angles, minus two, times 180” 
The distance error may be determined by resolvinJ 
the field measurement for each line into its noitli. 
south and east-west components, called latituden 
and departures, respectively. For the figure to close 
components bearing north must equal in total length 
those bearing south, and components bearing east 
must equal those bearing west. Errors calculated 
along the north-south and east-west axes are the 
two components of the linear error of closure. If a 
is within the probable error limit for the order of 
precision chosen for the survey^ the total error i« 
apportioned to the survey lines. 

T riangulation. This begins with the selection of 
points whose connecting sight lines form one tn 
angle or a series of triangles. In a series, each tn 
angle has at least one side common with each ad- 
jacent triangle. An initial side length, the base line 
is measured, as are all angles. By successive appli 
cation of the sine law, all remaining side length«> j 
are computed. Side directions also are carried for ! 
ward, so that the relative positions of all points < an 


be determined. 

Trilateration. Tn electronic trilateration the hp ^ 
ures are selected as for triangulation. An initial 
direction is determined and all side lengths are 
measured. Interior angles are computed by obliqin 
triangle formulas to obtain geometric checks on db 
tances and to estaDlish triangle-side directions. En 
suing latitude and departure computations yield the 


relative positions of angle points. 

Distance measurement. Traverse distances are 
usually measured with a tape but are also measured 
by stadia, subtense, trig-traverse, and electronic 
methods. 


Taping. The surveyor’s tape, a steel ribbon or 
wire, is usually 100 ft long. However, it is available 
in other footages and in multiples of the 66-fl 
chain. 

Whether on sloping or level ground, it is hori- 
zontal distances that must be measured. Horizontal 
components of hillside distances are measured b> 
raising the downhill end of the tape to the level ot 
the uphill end. On steep ground this technique^ 
used with shorter sections of the tape. The raisw 
end is positioned over the ground point with the 
aid of a plumb bob. 

Where slope distances are taped along the 
ground, the slope angle can be measured with the* 
hand-held clinometer (see Clinometer). The hori- 
zontal distance can then be computed or read 
a table. Precision in tape measuring is increaeeo 
by refinements, such as standardization, sag correc* 
tion, tension control, and thermal-expansion correc- 
tion. . 

Stadia, The stadia technique requires no tape. A 
graduated stadia rod is held upright on a point siKi 
sighted through a transit telescope set up over^‘ 
other point. See Transit (ENciNEERiNit). 




Fio 2 Microwave distance measurement. {Tellurom- 
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lime between the two points is determined from 
fill length of rod visible between two hori/ontal 
Inir** in the telescope See Stadia. 

Subtense In the subtense technique a hoiirontal 
1)11 of fixed length with targets at each end is set 
up at the forward point (Fig. 1). The transit, or- 
upMiig the rear point, measures the horizontal an- 
subtended by the targets. Computation of the 
Mi'.reles triangle’s altitude yields the distant e more 
pKiisel> than stadia up to about 500 ft, but it loses 
prtrision at greater distances because of the dc- 
'reamng effect that distance changes have on the 
subtended angle. 

Trig traverse. In trig-traverse the subtense bar is 
rpplated by a measured base line extending at a 
right angle from the survey line; the base line is 
enough relative to the distance to assure the 
urder of precision desired. 

Electronic methods. Medium- to long-distance 
’rrcdsurements may be speeded by use of modu- 
lated infrared light or radio microwaves. The time 
^ signal takes to travel to a distant receiver and 
r<‘turn to the sending instrument is measured and 
<‘onverted to distance. Relative accuracy improves 
distance, because errors arc largely constant. 
Angular measuramant. The most common in- 
atrument for measuring angles is the transit. It is 
c^aentially a telescope that can be rotated a meas- 
angular amount about a vertical axis and a 
<jri7ontal axis. Graduated circular plates concen- 

with each of the axes are the means of measure- 
*>»ent. 

The transit is centered over a point with the aid 
either a plumb bob suspended from the vertical 
or (on some transits) an optical plummet, 
^Itieh enables the transitman to sight along the 
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transit’s vertical axis to the ground through auxili- 
ary lenses. 

Horizontal angles. To measure a horizontal an- 
gle between two intersecting lines, the transit is set 
up over the intersection. The telescope is sighted 
along one of the lines, the graduated horizontal cir- 
cle is clamped against rotation, and the telescope 
is rotated to sight along the other line. The angle 
is indicated on the horizontal circle by another con- 
centric circular plate, inscribed with verniers, that 
rotates with the telescope. The angle can be read 
directly if the initial reading has been set at zero. 
Otherwise, the angle is computed as the difference 
between the initial and final readings. 

To lay off a predetermined angle from some ref- 
erence line, the initial sight is taken along the line, 
the telescope is rotated through the angle desired, 
and a stake or other marker is set on the new line. 

The special case of laying off a 180^ angle is 
simply the extension of a straight line. It is done 
by barksighting along the reference line and rotat- 
ing the telescope on its horizontal axis (transiting) 
for sighting ahead 

Vertical angles. These are measured by rotating 
the telescope on its horizontal axis and reading the 
angle on the vertical circle and verniers. Vertical 
angles are usually measured from a horizontal ref- 
erence line 

Angular precision. Transit precision is denoted 
by the least count of the verniers. A 1-minute transit, 
for example, has a cm le graduated to half-degrees, 
with the verniers measuring a thirtieth of the gradu- 
ation. or 1 minute. 

Transits of United States manufacture rarely 
have least counts less than a half-minute. Certain 
foreign transits, embodying optical micrometers 
and the magnification of fine graduations etched 
on glass, have least counts of 1 second and less. 

Elevation differences. Elevations may be meas- 
ured in conninction with reduction of slope meas- 
urements to horizontal distances, but the resulting 
elevation differences are of low precision. 

Differential leveling. Most third-order and all 
second- and first-order measurements are made by 
differential leveling, wherein a horizontal line of 
sight of known elevation is intercepted by a gradu- 
ated standard, or rod, held vertically on the point 
being checked. The transit telescope may establish 
the- sight line, or a specialized leveling instrument 
may be used. See Level (surveying). For ap- 
proximations a hand level may be used. 

In differential leveling, the rod is held on a bench 
mark, a point of known or assumed elevation. The 
level is set up and sighted for a reading on the rod. 
This reading, called the backsight or plus sight, is 
added to tbe bench-mark elevation to establish the 
height of the instrument. With the level remaining 
where it is, the rod then is moved to a forward 
point (turning point). The reading to that point, 
called the foresight or minus sight, is subtracted 
from the height of the instrument to yield the 
ground elevation of the turning point. Foresight 
and backsight distances are kept about equal so as 
to balance or eliminate small instrument^ erirors. 
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Fig. 3. Differential leveling theory. 


and efferts of earth curvature and refraction of the 
line of Might. These are illustrated in exaggerated 
form in Fig. 3. 

The foregoing process is duplicated successively 
as necessary to obtain the desired new elevation or 
elevations. Checks are obtained by closing back on 
the point of beginning or by closing on other points 
of known elevation. Total error, if within allowable 
limits, is distributed along the level survey. 

Reciprocal leveling, a variant of straight differen- 
tial leveling, is applied to long distances that can- 
not be occupied, such as a river crossing or a ra- 
vine. Here a short backsight to the last turning 
point and a long foresight (across the inaccessible 
distance) to a turning point on the opposite side 
are taken. Then the level is set up on the opposite 
side so that a long backsight is made to the oiiginal 
point of known elevation and a short foresight is 
taken to the turning point. The average of the two 
elevation differences thus determined is the actual 
difference, assuming refraction has remained con- 
stant. 

Trigonometric leveling, FJevation differences 
may also be determined by trigonometric means. 
If the horizontal distance between two points is 
measured and the vertical angle is measured be- 
tween the horizontal and a line joining the two 
points, the elevation difference can be c omputed. 

Barometric leveling. Approximate elevation dif- 
ferences may be measured with the aid of a barom- 
eter. This method is particularly useful for recon- 
naissance of substantial areas. 

AstUDnomicai observations. To determine me- 
ridian direction and latitude, observations are made 
on Polaris, the Sun, or on other stars. Meridian di- 
recti 6 n is required for direction control purposes; 
latitude is required as a prerequisite to solar ob- 
servations, where maps and other available data do 
not furnish latitude with sufficient precision. 

Meridian determination. The simplest meridian 
observation is a sighting on Polaris at elongation, 
the time when the star is rounding the east or west 
extremity of its apparent orbit. At these times Po- 
laris appears to move up dr down the transit's verti- 
cal cross hair and there is ample time for assuring 
an accurate sighting. An angular correction is ap- 


plied to determine the direction of sighting, k 
is referenced to a line on the ground. The 
tion value is found in an ephemeris (see 

ERIS). 

The ephemeris also gives the noon declinacio 
of the Sun at Greenwich throughout the year. Dee 
lination is the angle the Sun makes with an equa 
torial plane. For direct solar observation the diret 
tion to the Sun is found by 

^ sin Z> , , 

cob Z = — ;; 7 — tan n tan L 

cos n cos L 

where Z is the horizontal angle east or west from 
true north to the Sun; D is declination at the m 
stant of observation; h is the vertical angle ro the 
Sun, corrected for refraction gnd parallax; and / 
is the latitude. ^ 

Latitude determination. Latitude may be ob 
served directly at night by vertical-angle sighting 
on Polaris at upper or lower culmination (the north 
or south extremity, respectively, of the star's ap 
parent orbit), and by application of the suitable 
vertical-angle correction from the ephemeris In 
another method, the vertical angle to the Sun- 
lower edge is observed at noon, the .Sun’s angular 
semidiameter is added, and the Sun’s dec lination 
IS subtracted algebraically to vield a net anglr 
which is subti acted from 90° to give the latiludr 
Longitude and time observations are made or ^ 
casionally by noting the passage of the Sun aero**- 
an established meridian If (^recnwich time 
known, longitude can be computed. 

Types of survey. These include geodetic control 
survey*!., route surveys, construction surveys, and 
cadastral (property) surveys, bee Topourapiik 
SURVEYING AND MAPPING. 

Geodetic control surieys. Control survevs pro 
vide the reference framework for lesser suiveys \ 
traverse, with elevations of its points, rnuy be iht* 
control for mapping a limited area. The broadp''t 
control surveys are the geodetic networks estali 
lished by the USCGS in the United Slates and b\ 
corresponding agencies in other countries, wherein 
the horizontal and vertical points are established 
with first- or second-order accuracy. 

In geodetic surveys, earth curvature is taken into 
account. Coordinate positions are established m 
terms of latitude and longitude. Geodetic coordi 
nates are convertible into state plane coordinates 
The established method of extending horizontal 
geodetic control is triangulation. Supplcmcntarv 
control is provided by traverse, and trilaleration 
is an alternative technique. 

In geodetic triangulation, refinements are adde 
to the simple base-line and chain-of-trianglej 
scheme. The most notable refinement is ^ 
the quadrilateral as a geometric unit (Fig- ^ 
Diagonal directions as well as the sides arc oP’ 
served, so that the quadrilateral includes two 
of overlapping triangles. Thus additional angow^ 
checks are available and four separate calculsM®***** 
can be made for the entering side length of 
next quadrilateral in the chain. The shapes of 1 







Fig. 4. Trianguiation figures. 


trian);lrs arc important, small angles being avoided 
i(» preserve high strength of figure. A strength of 
hgnre analysis for the four different computational 
routes reveals the one that will best carry the 
Inifith forward. 

for precision and economy, geodetic trianguia- 
tion stations are located as far apart as possible, 
ronsistent with the requirements of intervisibility. 
'\ precise ('ontrol network for a city may require 
niimerons auxiliary stations within figures. 

Angles are measured by a preci.se theodolite 
AC.' TiinoDouTK), all angles around the horizon 
i)ping observed several separate limes for determi- 
nation of the most probable value of each angle. 
l.ong sightings usually are made on lighted stations 
at night. 

Because of the earth’s shape, the interior angles 
•»l large triangles add up to more than 180®. A TS-sq 
mile triangle, for example, has 1 second more than 
180 ' total of interior angles. The extra second is 
« ailed the spherical excess. 

Kacli precisely determined distance between geo- 
detic survey stations is reduced to its sea-level pro- 
|♦‘(■lion, that is, the distance between the stations 
if they were projected vertically to sea level. The 
"‘^a-levcl projection is a function of the measured 
distance, its average elevation above sea level, and 
mean radius of the earth. The direction between 
points is given as a geodetic azimuth (degrees 
' lockwise from true south) . 

beodetic data bear definite relationships to the 
•‘‘'tahlished state plane coordinate systems. Each 
‘^vstem is expressed as a projection of the curved 
"urface on a plane intersecting either two standard 
parallels (latitudes) or two meridians. In both 
rases the meridian and parallel projections are at 
fight angles to each other. At the standard merid- 
'an«» or parallels, scale is exact; elsewhere a known 
'variable scale factor must be applied. 

Conversions from geodetic data to state plane 
i^oordinate data are made with the aid of tables 
published by the USCGS. 

Advantages of state plane coordinate surveys in- 
the ability to initiate a long route survey sev- 
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era! places at once, and to reestablish obliterated 
survey points, such as property comers. 

The vertical control system of the USCGS con- 
sists of a first-order network with supplementary 
second-order lines. In most parts of the United 
States, bench-mark elevations are available within 
a few miles of any point. 

Leveling procedure is a refinement of that pre- 
viously described. The leveling instrument is built 
to rigid specifications. Rod graduations are on an 
invar strip (invar expands and contracts only 
slightly with temperature changes). Special care 
is taken to equalize foresights and backsights, to 
assure stable turning points, and to protect the in- 
strument from minor stresses. 

Houle surveys. Surveys for the design and con- 
struction of linear works, such as roads and pipe- 
lines, are called route surveys. They begin with 
reconnaissance and continue through preliminary, 
location, and construction surveys. 

Reconnaissance for a new highway, for example, 
may be accomplished by study of existing maps to- 
gether with a visual appraisal of field conditions, or 
it may involve horizontal and vertical field measure- 
ments of low-order precision. Controlling points, 
such as favorable river and ridge crossings, are 
found, and a preliminary line is selected. This line 
traditionally is traversed by transit and tape and is 
profiled, that is, levels are run along the traverse 
line to determine its elevations. Transverse profiles 
are made at intervals. Structures and natural ob- 
jects that would affect the final location are fixed 
by side shots. A side shot may be a direction and dis- 
tance from a transit point, the intersection of two 
directions or distances, or a perpendicular offset 
from a line. The transverse profiles, called cross 
stictions, may be made by hand level, tape, and 
level rod. 

The result of the preliminary survey is a strip 
topographic map of sufficient precision to permit 
preliminary design of the final location, including 
approximate determination of earthwork quanti- 
ties. 

The location survey line is conducted with at 
least third-order precision. Traverse procedures are 
followed, hut curves are laid out and stationed ; so 
the result lA a staked centerline for the route to be 
constructed. Profile leveling and cross-sectioning 
for ’Earthwork quantities also are a part ofthe loca- 
tion survey. 

Contract plans normally are based on the loca- 
tion survey. The construction stake-out is usually 
conducted later but sometimes is carried out at the 
same time as the location survey. A prerequisite is 
final gra(le selection so that cuts and fills can be 
marked qn centerline stakes and slope stakes can 
be set. The slope stake indicates the lateral limits 
of cut or fill at a given cross section. It is marked 
with the distance from the centerline and the verti- 
cal distance, plus or minus, from existing ground 
level to the proposed centerline grade. Being at 
the edge of earthwork, the slope stake suppo^ly 
is available for reference throughout construc^on. 




Fig. 5. Circular curve theory. 


A horizontal curve provide*' fox change in di- 
rection for traffic. The directions, called tangents, 
connect at an angle point, called the point of in- 
tersection (P./.). The intersection angle / is the de- 
flection angle, right or left, from the forward pro- 
jection of the tangent into the angle point (Fig. 5). 

Any circular curve or arc, connecting two inter- 
secting tangents, has a central angle, equal to the 
angle /, formed by perpendiculars (radii) to the 
two tangents, one at the point of curvature {PC.) 
and the other at the point of tangcncy (P.T.). The 
greater the radius, the more gradual the curve. The 
sharpness of the curve also is expressed as degree 
of curvature D, the central-angle increment that 
subtends 100 ft of arc (highway definition) or 
100 ft of chord (railway definition). A 1® curve 
has a radius of approximately 5729.6 ft under 
either definition. 

Circular curves are laid out by the following pro- 
cedure, assuming />, and consequently radius R, 
have been chosen : 

1. The tangent distance is measured back from 
the PJ. to establish the P.C. 

2. The transit is set up at P.T. and a series of 
deflection angles, each equal to D/2 is turned in 
the direction of curvature to establish a point on 
the curve for each 100 ft of chord or arc. For 
chords or arcs shorter than 100 ft the turned de- 
flection angle is proportionately smaller. 

Vertical curves, connecting different grades, usu- 
ally are parabolic. The parabola has an inherent 
transition, and it is easy to lay out with tape, level, 
and level rod after computation of ordinates for 
vertical-curve grade points along the centerline. 

The traditional route-survey procedures de- 
scribed above are economical for narrow routes 
in moderate terrain. Major dual highwava with 
broad rights of way are* located more efficiently 
on large-scale aerial topographic maps. On such 
maps* ^'paper** location surveys can be made, com- 


plete with earthwork quantity takoofl 
enough for contract bidding. With this apircJ!!|! 
it may be feasible to defer all field staking m,. i 
construction time, the staking points being sclecied 
in advance by scaling and computation of 
coordinate relationships with points established 
during the small amount of ground survey requir^j 
to c^ontrol the photogrammetric survey. Sec Photo 

GRAMMF.TRY. 

Construction surveys. Surveys for construttmn 
layout establish systems of reference points that 
are not likely to be disturbed by the work. Slopf 
stakes are earthwork references. Buildings, bridj^r 
abutments, sewers, and many other structures i om 
monly are controlled by batter boards, horizontdl 
boards fastened to two uprighte. The top of a bat 
ter board is set at the elevation of the line to U 
established, and the horizontal position of the line 
is indicated by a mark or nail. Across the site an 
other batter board is set up for the given line and a 
string or wire stretched between is the line The 
line may be a building face at first-floor level, or it 
may be a reference line. In trench work the line hr 
tween hatter boards mav run at a fixed distame 
above the invert centerline. 

In lieu of string or wires, line-of-sight ma^ lx 
used. A transit is set up on lines outside the ivork 
area and jioints of the line are sighted as required 
A means of locating critical constriu tion points 
such as those for anchor bolts, is to compute thnr 
positions in a coordinate grid, then to computed) 
rections and distances from a reference point for 
their location by tfbnsit sighting and tape measiin 
ment. 
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Fig. 6. Autorefla^ion onglo mirror for ottablkbl*^ 
angular linos of sight in optical tooling. (KoirfM o 
Essor Co.) 



Elevation contn)l8 are provided by bench marks 
r ihe construction area. The foregoing construc- 
techniques are adaptable into industrial plants 
I' "building large mock-ups and jigs as well as for 
ihf aligntnent of parts. Transits and levels on stable 
mount*' may used; however, related specialized 
'!iuipmtni called optical tooling instruments are 
more readilv applied. These include a transit or 
teles* ope with an optical micrometer on the 
„b|e< live, to move the line of sight to a locus par- 
illfl ^ilh the initial sighting, and flat self-reflecting 
ujirroi*. for use as targets. Angular sight lines are 
Hdlfli^^hod by a mirror mounted vertically on a 
trdn-it base (Fig. 6). 

/ nder ground surveys. Mine and tunnel .surveys 
impose d few modifications on normal surveying 
ifchnniuen; repeated independent measurements 
aie made because normal checks (such as closed 
trd\er‘'es) are not available; cross hairs are illumi- 
ndJed because work is performed in relative dark- 
vertical tape measurements and trigonometric* 
Inels instead of differential levels, frequently must 
Ilf* relied upon; and in adits and tunnels, mirvev 
iKunt' are placed overhead, rather than nnder- 
rif itli to sa\e them from disturbance bv traffic. 

the Finning transit, an auxiliary telescope oiit- 
-uii the trunnion bracket facilitates steep sight- 
inos 

Hie most exacting underground survey procc'ss 
1 ' transferring a direction from the surface. In 
'•liillcjw shafts, steep (hut not veitical) sights ma> 
'urivfer the direc*tion. Another teclinicfue is to 
liiini; two weighted wires down the shaft, observe 
ill* dircM tion between them on the surface and use 
llii- diiec tion as a control below. The relative short- 
of distance between wires makes the transfer 
j** iiDotiiculU weak, but procedural rare enables 
torv results. 

Hydrographic suriwys. Data ferr navigation charts 
ind underwater construction are prc3vided l)v hydro- 
firaphii surveys. The horizontal locations of depth 
m<*dsiirements must be referenced to recogni/ahle 
•untrols. Where the shoreline is visible*, il is 
mapped and a system of triangulation stations 
•‘'established on shore. Transits at two tiiangula- 
tum stations may be used to ob.serve angles to the 
"’funding vessel whenever it signals that a depth 
measurement is made. A check angle may be ob- 
‘‘erved bv sextant from the vessel, or a third transit 
•m shore may provide a check intersection. Angular 
f'bservations also are made from a common center 
P^>int. In this case two sextants at the sounding 
point sight two adjacent pairs of shore stations to 
the fix. 

Hydrographic surveys also determine current 
velocities and directions and fluctuations of water 
l^vel. See Sea level fluctuations; Submarine 
^^POLRAPHY, 

Cadastral surveys. To establish property lines, 
'‘sdastral surveys are made. Descriptions based on 
horizontal surveys arc essential parts of any docu- 
denoting ownership or conveyance of land. 
Hie basic rule of property lines and comers is 
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Fig. 7. Rectangular land layout. (From P, Kissam, 
Surveying for Civil Engineers, McGraw-Hill, 1956) 


that they s»hall remain in their original positions 
as established on the ground. 

The liasie rule is important because m(»sf land 
surveys are rcsurvevs, Thev may fallow the origimil 
des<ription. but this description is merely an aid 
to the disMivpiv of the originally established lines 
and cornels. Substantial discrepancies fretfuentiv 
are found in original descriptions, because low- 
order surveying devices such as i onipasses and 
chains were used. 

Surveys in th^ original 13 slates, Tennessee, Ken- 
tiii k>, and a few other areas are conducted on tht* 
metes and bounds basis. In the so-c‘alled public land 
slates and i»i Texas the basic subdivisions are rec- 
tangular, 

A metes and bounds survey is a closed traverse 
around a property. Its description identifies a point 
of beginning, gives the sequence of distances and 
directions, identifies the angle points, and notes the 
fact of return to the point of beginning. 

In the rectangular system, the land parcels of a 
region are di^scribed by their relationship to an ini- 
tial point. In public land states the initial point i.s 
the intersection of a meridian (principal meridian) 
and a latitude (base line) as in Fig. 7. Townships, 
normally 36 square miles, are designated by their 
position with respect to the initial point — the num- 
ber of tiers north or south of a given base line and 
the number of ranges east or west of the correspond- 
ing principal meridian. 

Within ,^he township each square mile, or section," 
has a number, from 1 to 36. Sections are subdivided 
into quarter sections (160 acr^s) and they may 
be subdivided further into lesser fractions. North- 
south section lines are meridians originating at 
l^mile intervals along the base line and along stand- 
ard parallels of latitude (correction lines) gthier- 
ally spaced 24 miles apart. The respaoing of inerid- 
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ional lines every 24 miles limits the effects of 
meridian convergence on the size of sections. 

Any parcel, whether it is described in rectangu- 
lar terms or by metes and bounds, should be 
marked at its corners. Corner markers and other 
physical evidence of parcel boundaries take preced- 
ence over written descriptions and statements of 
areas. Resurveys usually are simple if the corners 
can 1)6 found. They become diflicult where the cor- 
ners arc obliterated or lost. 

An obliterated corner is one for which visible 
evidence of the previous surveyor’s work has dis- 
appeared but whoMC original position can be estab- 
lished from other physical evidence and testimony, 
beyond reasonable doubt. 

A corner is deemed lost when no sufficient evi- 
dence of its position can be found. Restoration re- 
quires a faithful rerun of the recorded original sur- 
vey lines from adjacent points, distance discrepan- 
cies being adjusted proportionately. [r.ii.do.] 
Bibliography: R. E. Davis and F. .S. Foote, Sur^ 
veying: Theory and Prartue, 4th ed., 19S3; P. Kis- 
sam, Surveying for Civil Engineers, 1956; H. Riibey, 
C. E. Loinniel and M. W. Todd, Engineering Sur- 
veys, 1958. 

Susceptance 

The imaginary part of the complex representation 
for the admittance Y of a circuit. 

y - C±;R 

where C is the real part, called the conductance, 
and B is the susce|)tance. Since Y = 1/Z = 
where X is the total reactance, 
Xij — X(, and R is the resistance, then 

R 

R^+X~^' 

and susceptance B - X/{R^ X-) . This is the 
general expression for susceptance which shows 
that susceptance is a function involving both resist- 
ance and reactance. 

If resistance is negligible, then R = X/X- = l/X 
or the reciprocal of the reac'tance. This is called 
simple susceptance and is correct only where the 
impedanc'e contains no resistance. For simple siis- 
ceptances 

Inductive susceptance fl/, — \/jXi =■ — yfl/, mhos 

Capacitive susceptance Be • ll—JXr jBc mhos 

These functions find application chiefly in com- 
putation of parallel circuits. See Admittanck; 
Alternatinc-currknt circuit theory. [^.l.r.J 

Susceptibility, electric 

A dimensionless parameter measuring the ease of 
polarization of a dielectric. The susceptibility x 1r 
equal to the ratio of polarization P to the product 
of electric field strength E and vacuum permit- 
tivity Co: 


X - P/eoE 

( CO * 1 in cgs electrostatic units, and 8.854 X 10 u 
farad/m in mks units.) 

The electric susceptibility is related to the dielec 
trie constant k' by the equation : 


X « (k'- l)/y 


where y is a geometrical factor equal to 47r or 1 m 
the cgs or mks systems, respectively. This ambiguu\ 
in the definition of x iR unfortunate and must be 
considered in evaluating published data. See Elec 

TRICAL UNITS. 

The electric susceptibility can be related to the 
polarizability a by expressing the polarization m 
terms of molecular parameters. Thus: 

P “ N(^)„q “ NuEl and X“ 

where N is the number of molecules per unit voi 
ume, is their average dipole moment, ami 

El is the local electric field strength at a molecular 
site. At low concentrations, El approaches E, and 
the susceptibility is proportional to the conceiitra 
tion N. 

For a discussion of the properties and measure 
ment of electric susceptibilty, see Dielectric con 
STANT; Polarization (dielectrics). [r.uw^ 

Susceptibility! magnetic < 

The magnetization of a material per unit applud 
field. It describes the magnetic response of a 
stance to an applied magnetic field. If M i**' 
magnetization and // the applied magnetic hfld 
then the magnetic susceptibility, denoted by x. 

X^M/H ( 1 ‘ 


In the rase that M is not parallel to //, x ® 
tensor. Otherwise, it is a simple number. For an 
elementary discussion of M and H, see Magmi 
ism; see also Magnetization. For a crysullme 
material, x depend upon the direction of tl 
with respect to the axes of the crystal because of 
anisotropic effects. 

The magnetic susceptibility is expressed in a va 
riety of ways: per gram, per atom, per unit vol 
ume, and per mole. In this article, electromagnelu 
units are used. In Eq. (1), the units of x 
per oersted per unit volume. Figure 1 shows the 
atomic susceptibilities xi (ergs per oerst^ 
atom) of the elements. The static susceptibility J*' 
measured in constant applied magnetic fields. The 
frequency-dependent susceptibility is measured 
alternating magnetic fields. It is usually a coinpl** 
quantity in which both the real and imagin*^ 
parts are functions of frequency. ' 

Ferromagnetic susceptibility. The general be- 
havior of the susceptibility of ferromagnetic 
rials above the Curie temperature follows the 
Ciirie-Weiss law 


C 


X 






hg 1 Atomic susceptibilities of the elements at room 
temperature. Dotted lines connect alkali metals (para- 
magnetic) and rare gases (diamagnetic). (After R. M. 
Bozorth) 

lilts Miavior is followed in the region well above 
ihf frrnmiagnetir Curie temperature T,. The para- 
nuipnetii Curie temperature 0 is usually slightly 
.'rratcr than the temperature of transition, T, 

( (unparison of and T, for three ferromagnetic 
mpfdls IS given in the aceompanying tabulation. 



Ke 

Co 

Ni 


1093 

li28 

650 

7’,, °k 

1013 

J393 

631 


\ll ferromagnetic materials exhibit paramag- 
npti hehiivioi above their ferromagnetic Curie 
points The magnitude of the paramagnetic suscep- 
is detei mined by the Curie constant C 
whnh appears in Eq. (2). A typical value of C is 
I m ‘ for iron. For the theory of ferromagnetic 
^iiMeptihility, see Ffrromagnetism ; .see also Curie 
HMP tRATURE, MAGNETIC ; CuRIE-WfISS LAW. 

The Curie- Weiss law for the susceptibility above 
the Curie point is only approximately true. Fur- 
thermore, the susceptibility of iron, for example, 
/Ws discontinuities at its phase changes P-y and 
7 8 at llSa^K and 1673®K, respectively. 

Below the Curie point, the static susceptibility 
not usually defined for a ferromagnetic sub- 
''tance, since the ferromagnet may have a finite 
magnetization in zero applied field. 

The initial permeability is the slope of the mag- 
netization curve (B plotted against H) for mag- 
netic field strength = 0. Initial permeabilities 
'^ary from almost 300 (platinum-cobalt) to 100,- 

^ (aupermalloy). 

The frequency-dependent permeability is that 
nieaaured in an alternating magnetic field. Hie ex- 
periments are usually carried out in small magnetic 
fields so that it is the frequency dependence of the 
initial permeability which is measured. Such experi- 
nients give information on the structure of ferro- 
"“•gnctic domains and the motion of domain walls. 
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Paramagnetic susceptibility. Most paramagnetic 
substances at room temperature have a static sus 
ceptibilitv which follows a Lanaevin-Debve law; 

Y « ND^iLR^mT^Nt 

where N is the number of magnetic dipole.s per unit 
volume, p is the effective magneton number, /ia is 
the Bohr magneton, k is Boltzmann’s constant, T is 
the absolute temperature, and a is the temperature- 
independent contribution of Van Vleck paramag- 
netism. The first term of Eq. (3) is referred to as 
the Curie law because of its 1/7* dependence. Ex- 
perimental results are often expressed in terms 
of what the effective magneton numbers must be in 
order to account for the variation of x with \/T. 
The interpretation of the experimental data re- 
veals the nature of the energy levels of the para- 
magnetic ions, the symmetry of paramagnetic 
crystals, the effects of crystalline electric fields on 
the energy levels, and the influence of the para- 
magnetic ions on one another. See Paramagnet- 
ism. 

The magnitude of molar paramagnetic suscepti- 
bilities at room temperature is of the order of 10"^ 
ergs per oersted per mole. 

Saturation of th'* paramagnetic susceptibility oc- 
curs when a further increase of the applied' mag- 
netic field fails to increase the magnetization, 
because practically all the magnetic dipoles are 
already oriented parallel to the field. Saturation 
will occur either at very strong fields or at very low 
tpmt>eratures; that is, in cases when the approxi- 
mation leading to the Langevin-Debye formula 
fails Some paramagnetic solids have susceptibili- 
ties which follow a Curie-Weiss law rather than a 
^airie law. 

Diamagnetic susceptibility. The susceptibility 
of diamagnetic materials is negative, since a dia- 
magnetic substance is magnetized in a direction 
opposite tj that of the applied magnetic field. The 
diamagnetic susceptibility is independent of tem- 
perature. 

Diamagnetic susceptibility depends upon the dis- 
tribution of electronic charge in an atom and upon 
the energy levels. Interpretation of the experimen- 
tal data reveals the nature of the atomic wave func- 
tions of the atom in question. For the theory of 
diamagnetic susceptibility, and a listing of values 
cTf the molar diamagnetic susceptibilities of several 
rare gases and ions in crystals, see Diamagnetism. 

Antiferromagnetlc susceptibility. The suscepti- 
bility of anti ferromagnetic materials above the 
Neel point, which marks the transition from anti- 
ferromagnetic to paramagnetic behavior, follow.s a 
Curie-Wtsiss law with a negative paramagnetic 
Curie temperature — 9: 

x^c/(T + e) 

The N^l temperature is always somewhat less 
than 9. 

The antiferromagnetic susceptibility is a maxi- 
mum at the Neel temperature. Below the Neel tem- 
perature, it behaves in a way determined by the an- 
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magnetic susceptibilities. (After C. Kttfei Introduction 
to Solid State Physics, 2d ed., Wiley, 1956) 


gle between the field direction and the crystal axes 
— it usually decreases as the temperature lowers 
For the theory of antiferromagnetic susceptibility, 
see ANTIFERROMACNtTISM 

Measurement of susceptibility. Magnetic sus- 
ceptibilities may be rieasured by several methods, 
depending upon the quantity sought. Ferromag- 
netic static permeabilities may be measured by the 
Rowland ballistic method. In this technique, the 
specimen is cut in the shape of a ring, and a mag- 
netic field is applied by means of a primary wind- 
ing on the ring. A secondary winding is connected 
to a ballistic galvanometer. The current through the 
primary is changed suddenly. The resulting abrupt 
change in magnetic field H causes a change in 
magnetic induction B (fl ■ + 47rAf ) in the 

specimen which in turn induces a voltage in the 
secondary. Thus, the galvanometer suffers a deflec- 
tion proportional to the change in B. One starts 
with a known value of B (usually zero) and plots 
the magnetization curve in this way. 

Paramagnetic and diamagnetic susceptibilities 
may be measured by the balance method. A mag- 
netized substance in an inhomogeneous magnetic 
field experiences a force 

F-Hgrad/Af HdF 

The integral is over the volume of the specimen. The 
susceptibility is x " Af/H. Therefore 

HX grad JH* dV 

If the magnetic field now varies only in one direc- 
tion, say the a^lirection, then 


where the specimen is in the shape of a tod < 
cross-sectional area A and is suspended in the** 
direction in the inhomogeneous field (see Pis of 
In the figure, H\ and Ht are the values of the mat 
netic field strength at the two ends of the rod 
The force is measured, and when H\ and Hi (or 
H and dH/dz) are known, the susceptibility ran far 
determined. This method is known as the Couv 
balance method. Note that the total magnetic .us- 
reptibility is measured, both para- and diamagnrtir 
contributions. 

The paramagnetic susceptibility may sometime^ 
be measured separately by spin-resonance teih 
niques. This is especially trod^of the Pauli para 
magnetic susceptibility of concluction electrons m 
alkali metals. See MacNaTir resonanlf. 

[e-a ; fk] 

Bibliography: C Kittel, Introduction to Solid 
State Physics, 2d ed , 1956; J. H. Van Vleck, The 
Theory of Electric and Magnetic Susrepubditus 
1932. 

Swallow 

Any of about 75 species of the cosmopolitan famih 
Hirundinidae, characterized by modifications inr 
strong flight and feeding while in flight, indudint. 
long pointed wings, weak short legs, and a short 
triangular beak. There are six genera and nine spr 
cies in the United States. Other than the purple 
martin, the best known species is the barn swallns 
Hirundo rustica This graceful, long-tailed swallos 
breeds throughout the United States, except in pen 



The bam iwollow. Hirunde rwWica; imgth to ^ ^ 
(Allen 0. Crulekshank, hlalienal Audubon Sodotfl 


liar Florida, although it » not nearly aa com> 
Tn in the South aa elaewhere. Steel blue and cin- 
amon in f®*”*’* *'** * forked Uil. It neats 

habitually near human habitation. 

Must beautiful of the swallows is the tree awal- 
,i« Tachvvineta bicolor, marked with immaculate 
iinderparts. with a back which varies fr«»m 
jeen-blark to steely blue-black. This is a bird of 
lie pond', wet meadows, and marshes. It collects in 
jrjse flocks in late summer. The bank swallow, 
I, park riparia, is a wide-ranging .species occurring 
liroiifthout the Holarclic region and Africa as a 
P'tint£ bird. See Martin; Passeriformes. 

[j.n.B.l 

iwamp. marsh, and bog 

[d flatiandfl, where mesophytic vegetation is 
PMlh rm)rc important than open water, are com- 
i(,nU developed in filled lakes, glacial pits and 
dhoN's. or poorly drained coastal or flood plains. 
\i.irnp a term usually applied to a wet land 
here liees and shrubs are an important part of 
If \rtjetuljve association, and bog implies lack of 
iIhI Foundation. Some hogs consi.st of a thick /one 
1 \tvjctation flfiating on water. 

I nu|iie plant associations characlerize wel lands 
I various climates and exhibit marked /.onation 
iiirafteristics around the edge in resfionse to dif- 
Tfiii lliicknes.scs of the saturated zone above the 
I’ll luise of soil material. (Coastal marshes covered 
lih vegetation adapted to .saline water are com- 
lon oil all continents. Presumably many of these 
iiil their origin in reeent inundation due to post- 
Iridoceiif* rise in sea level. 


c 

o 



'®»-iection dlogrom Illustrating progressive filling by 
J®8®tation of a pit lake In recently glaciated terrain. 
C. A. Oov/f) 
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The total area covered by these physiographic 
features is not accurately known, but particularly 
in glaciated regions many hundreds of square miles 
are covered by marsh. | ] 

Swan 

Any of eight members of the cosmopolitan subfam- 
ily Cygninae, of the waterfowl family Anatidae. 
There are two species native to the United States 
and a third has been introduced. Swans are large 



The domestic swan, Cygnus o/or; length 60 in. (From 
E, L Palmer, Fieldbook of Natural History, McGrow- 
HilJ, 1949) 

waterfowl, characterized by very long necks. In 
flight they may form V-shaped flocks or line.s. They 
have a loud trumpeting call, sounded when in flight 
and at lirne.s when feeding. Swans are capable 
swimmers and will frequently swim away when mo- 
lested rather than take flight. A long run is neces- 
sary for them to become airborne. All the United 
States swans are while when mature, and may be 
distinguished from geese and other large water 
birds by the ab.sence of black on their wing tips. 
The brown-tinged young are called cygnets. Swans 
feed primarily upon vegetable matter, hut also eat 
mollu.sks and crustaceans. .SVe Anskkiformes. 

I J.n.B. l 

Swanscombe man 

A partial skull vault recovered from the lOO-ft ter- 
race gravels of the Thames River, in the Barnfield 
Pit. Swanscombe. Kent. England. The occipital 
bone and left parietal were found by A. T. Marston 
in lO.lS and 1936 respectively, the right parietal in 
19S5 by J. ’^ymer and A. Gibson. Though sepa- 
rated by distances of 8 yards, the bones fit one an- 
other perfe<*tly and all derive from the saibe layer 
of the middle gravels, which contains Middle 
Achculian hand-axes and is dated by fossils to the 
latter part of the Second, or Great, Interglacial. 

The skull is morphologically close to Homo sa- 
piens in having a vertical temporal region and a 
rounded occipital profile, which distinguish it from, 
most types of fossil man. Special features are 
greater thickness and greater occipital breadth 
than modern man. Brain volumeds estimated at ap- 
proximately 1300 cm^. Since the skull lacks a 
frontal region, face, teeth, and mandible, no final 
assessment of the fossil's position is possible. It 
may be closely related to Steinheim man. The bones 
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are at the British Museum (Natural History). See 
Fossil man. [w.w.h.] 

Bibliography: Swanscombe Committee, Roy. 
Anthrop. Inst., Report on the Swanscombe skull, 
y. Roy, Anthrop. Inst., 68:17 98, 1938. 

Sweat gland 

A coiled, tubular gland found in mammals. Tliere 
are two kind.s, merocrine or eccrine, and apocrine. 
The latter are generally associated with hair folli- 
cles (see iHu.stration). Merocrine glands are dis- 


germinative hair 

opening of eccrine piloseboceoos 

sweat gland y/ y/.. 

\ epidermis 
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gland 


Human skin. Eccrine and apocrine sweat glands and 
sebaceous gland. 


trihuted extensively over the body in the human, 
whereas the apocrine variety is restricted to the 
scalp, nipples, axilla, external auditory meatus, ex- 
ternal genitals, and perianal areas. Apocrine sweat 
glands are more numerous in mammals, with the 
exception of the chimpanzee and human in which 
the merocrine variety predominates. The mammary 
glands probably represent modified apocrine sweat 
glands which grow inward and increase in complex- 
ity. In association with adipose tissue, they even- 
tually form pendant structures, the mammae, which 
project outward from the general contour of the 
skin's surface. The secretion process is apocrine 
with a considerable portion of the cell being dis- 
charged. The discharged portion of such a gland 
cell disintegrates to free fat droplets and flUbumi- 
nous substances (see Lactation). A mammary 
gland is complex and represents an association of 
lobes. Each lobe contains a compound alveolar 
(acinous) gland with a separate lactiferous duct 
which opens on the nipple in the human. The 
glands of Moll associated with the eyelashes are 
relatively large modified apocrine glands as are the 


ceruminous or wax glands in the external 
meatus. The anal sacs of the skunk presumably 
apocrine glands modified by the addition of 
fibers from the levator ani muscle which enabb^ 
the pungent contents to be ejected with force s? 
Epithelium; Gland; Mammary cland. \oiC 

Sweep generator 

An electronic circuit that generates a voltage or 
current, usually recurrent, as a prescribed funclion 
of time. The resulting waveform is used as a tune 
base to be applied to the deflection system of on 
electron-beam device, such as a cathode-ray tube 
Sweep generators are classified as linear, cirrular 
rotating radial, or hyperbolic. 

Linear sweep generation. yA linear sweep gen 
erator provides a current or Voltage that is a Im 
ear function of time. The waveform is nsualb re 
current at uniform periods of time (see Saw-T(k)ih 
wave) as shown in Fig. 1. The deflection ol tin 
electron beam in a cathode-ray tube of the t>j}i 
noimally used in the calhode-rav oscilloscope ina\ 
be expressed as 

d = kv,i 


where A, is a constant which is inversely propnr 
tional to the bedm-acceleraling potential, and » i- 
the potential applied between the deflection plait*' 
Thus, if the sweep waveform applied to the plaits 
lias the form vi - kjt at repeating inter\ab. tin 
deflection of the beam between the plates will U 
a linear function of time, recurrent at the ^anu 
Idle. / 

If the deflection svstem in a cathode-rav dcxitt 
is electromagnetic, the deflection of the beam i- 
proportional to the transverse magnetic flux den 
sity in the deflection region. In this case. the dt 
flection is approximately proportional to the (ur 
rent in the deflection coils, external to the tub* 
which produce the magnetic field. The sweep 
form is a waveform of current rather than voltage 
.See OsriLLOsi ope, CATHODL-ray. 

The well-known raster scan of the television 
tern is produced if simultatieouslv linear recurrent 
sweep waveforms are applied to the hori/onial 
vertical deflection systems of the calhode-ray <1** 
vice, and the vertical period is many times longer 
than the horizontal period, as shown in Fig. 2- Thu® 
a number of equally spaced, nearly horizonta 
scans are produced, the number being the ratio o 
the horizontal sweep period to the vertical 
period. In the cathode-ray oscilloscope, a 
time-varying function may be visuallv presented b' 
applying a linear voltage sweep waveform to 
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Fig 2 Waveforms producing the raster scan, (a) Ho 
izontal sweep, (b) Vertical sweep. 



Fig 3 Waveforms producing spiral scan 


Imri/ontdl deflet turn ‘^\stem and llie function to hr 
ploltpd to the* \t*rtiral s>sleni. When* the raster 
' an i'^ n‘>*ed, as in the tele\isi(m leceivei, the infoi- 
matioii to he plotted iHiially appears on the vie\s- 
irip screen ds intensity variations [irodnc'ed h\ mod- 
ulation of the iiiirent in the cathode ia> tube 
lifim See Ti- Lt VISION scanning. 

Circular sweep generation. A c ircular sweep is 
►inn Idled hv applying a ronstant-frec]iienr> siaiis- 
"ici to the hori/.ontal c’omponent of a deflection sys- 
u*m and another of the same frequency hut shifted 
in phase h\ 90*^ to the vertical (component. If the 
Hari/ontdl component of deflection rf, is 4 cos o)/, 
nul the \erlical component d,, is A sin «>/, the to- 
tal deflection d is the vector sum y/d r + d,/, which 
<qiials i The deflection path is circular at d con- 
^lanr radius A, The angular position 6/. with re- 
to the horizontal, is given by tan 6 - tan 
' The angular rate of change of the deflected 
l•t*dnl is constant. 

V spiral scan is generated if. in addition to the 
"•nusoiddl X and y components, a linear saw-tooth 
''avefoim {v ^ kt) is used to modulate equally 
iMith the horizontal and voltage defle<*tion wave- 
as shown in Fig. 3. 


d * \/A-kH'^ cos* -f" sin* 

d « Akt 

the active period of the saw tooth is n time« 
period of the sinusoid, the spiral will have n 
^*^'olutions for each period of the saw tooth. Cir- 
‘ ylai and spiral sweeps are useful in special forms 
® oscilloscopes where a long time base is desira- 
ble. 
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Rotating radial swoap ganeration. A rotatiiifi 
radial sweep may be generated by applying a Hn^ 
ear sawtooth of current to the deflection system ol 
a magnet]f*ally deflected cathode-ray device and ro- 
tating the deflection coil producing the magnetic 
field at a constant angular velocity. Such a sweep 
may also be generated by using a fixed position de- 
fle<*tion system having separate x and y component 
of deflection. The same combination of linear and 
sinusoidal modulation as that ot the spiral sweep 
may be used, except that the period of the lineai 
modulation component to the jr-y deflection sys. 
tern must he short compared to the period of the 
angular deflection. As indicated in Fig. 4, such s 
combination of sweeps produces one complete ra- 
dial line for a negligible change in angle. The ro- 
tating radial sweep is most widely used in radai 
display s\ stems, where the angle of rotation is 
made svnchnmous with the scan angle of a radai 
antenna. The linear radial sweep is proportional tc 
radar range. Thus intensity modulation on a dis- 
play cathode-ray tube having such sweeps will pre- 
sent a true position of individual radar returns. See 
Hauar. 

Hyperbolic sweep generation. There are appli- 
( ations. particularly in airborne radar systems, 
where hvpcrholn saw-tooth sweeps are pieferred tr 
linear saw-tooth sweeps. .Such a hyperbolic sweep, 
shown in Ftg. 5, riiav he given by the equation 

r. -i 


t 
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d, 
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Fi^.<^4. Components of rotating radial sweep, (a) Hor 
izontal sweeo. (b) Vertical sweeo. 


(b) 
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Fia. 5. Hvoerbolic sweeo. 



Such a sweep is asymptotic to a linear sweep for 
large values of t, but is delayed with respect to the 
beginning of it by a time, fo. Such a hyperbolic 
sweep used in a rotating radial sweep system pro- 
vides for true ground range radar mapping in an 
airborne system. Here the time To is made equal 
to h/Cf where h is the height of the aircraft, c is 
the velocity of propagation of electromagnetic en- 
ergy. The factor A is a constant which represents 
the scale factor of the display. 

Hyperbolic sweeps may be generated as a modifi- 
cation of the type of circuitry used in the genera- 
tion of saw-tooth sweep wave^rms. | g.m.g.] 

Bibliography \ G. M. Glasford, Fundamentals of 
Television Engineerings 1955; T. Soller, M. A. 
Starr, and G. E. Valley, Jr. (eds.), Lathode-ray 
Tube DisplaySs vol. 22, 1948. 

Sweetgum 

This tree, Liquidambar styracifluas also called bil- 
sted or redgum, is a deciduous tree of the south- 
eastern United States. It is found northward as far 
as southwestern Connecticut, and also grows in 
Central America. The tree is commonly 120 ft in 
height and 1^3 ft in diameter, but individual 
trees may exceed these dimensions. Sweetgum is 
readily distinguished by its five-lobed. or star- 
shaped, leaves and by the corky wings or ridges 
usually developed on the twigs. The erec t trunk is a 
dark gray, but the branches are lighter in color. 
In winter the persistent, spiny secdballs are an ex- 
cellent diagnostic feature. The hard, r lose-grained 
wood is light brown tinged with red, and has a 
satiny luster and attractive grain. Because of its 
tendency to warp and twist, it was long considered 
to be of inferior quality, but technical processing 
has largely overcome these difficulties Also, be- 
cause of the prejudice against gum wood, it is 
sometimes marketed as satin or Circassian walnut, 
or as hazelwood. 



SweefQum, Uqu/dortibor ‘ styraeiflua, (From A. H. 
Crovec^ ilhrsfratod Guido to Trees and Shrubs, rev. 
od., Harpor, 1956) 


The saw-timber stand of sweetgum {a ^ 
United States is estimated at ^ ^ 

board feet (bd ft). The annual commerckr^ 
duction of 600,000,000-900,000,000 bd ft cJn^ 
mainly from the South Atlantic and Gulf CoZj 
Plains and from the lower Mississippi Valley, 
used for furniture, interior trim, railroad ties ciffT 
boxes, crates, flooring, barrels, woodenware, 
wood pulp, and it is one of the most imporusi 
materials for plywood manufacture. Sweetgmn a 
one of the most desirable ornamental trees, chie(l\ 
because of its brilliant autumn coloration. Sef 
Fori-st and j-orlstry; Rosales; Trll. [a.hcI 

Swift 

Any of about 75 species of the<Jamily Apodidae, an 
almost cosmopolitan family, characterized by long 
naiiow wings and short talks. Swifts have short, flat 



The chimney swift, Chaefura polagica; length to 5"^ 
in. (Lynwood M, Chaco, National Audubon Society) 


bills, large gapes, and small, weak feet. All the^ 
traits are features of birds that feed while in rapiJ 
flight. 

There are four species in the United States 
East of the Rocky Mountains the chimney swift 
Chaetura pelagica, is one of the more common sum 
mer residents, and always one of the last of ihs 
purely insectivorous birds to go south in the lai 
Swifts have a fluttering, batlike flight quite unh « 
the easy gliding flight of the swallows. See Apow- 
FORMES. ^ 

Swim bladder 

The swim bladder is a gas-filled cavity 
body of fishes which serves to equilibrate the o* 
sity or weight of the body to that of the 
ing water. Most leleosts (bony fishes) possess 
organ, although it may be vestigial or abse® 
bottom-living forms and in sea foims 
abyssal depths. Anatomically, there are 
of bladder, the completely enclosed, or 


^ and those retaining a duct to the digestive 
or physostomatous. The shape of the bladder 
^^‘‘ually ovoid, but in some fish it may be elon- 
' te or have a variety of compartmentalizations 
protrusions (Fig. 1). The perch, for example, 
an anterior and posterior compartment con- 
ied bv an oval window. The whiting has an elon- 
" re bladder, extending back into the tail region, 
Hith earlike protrusions folded dorsally into 
spates between the ribs. 

Morphology* Many fish do not retain the swim 
bladder to gullet passageway. The result is a 
dosed l\pe swim bladder. This is more complicated 
.iruiturally. and the ability to secrete gases to an 
uiid/>ng pressure, in a manner not yet fullv investi- 
ijaied js ( haracteristic. It is this type that has re- 
"cived the most intensive investigation. 

riie envelope or shell of the swim bladder is 
niuth the same in both types, being a closely knit, 
hbrous tough, smoothh lined membrane. However, 
tht closed Ivpe is characterized bv two additional 
\^dl\as(iiljri/ed struitures, the led gland located 
on the exieinal surface of the bladder and the se- 
(Ffiorv epithelium located within. Tvi)icall>, the 
blood approaches the red gland in one large ar- 
Un which breaks down into many small vessels 
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hepatic vein 


^ Various types of swim bladders in fish, show- 
Jl'9 the structures in cross section and longitudinal sec- 
(o) Sturgeon and many toleosts. (b) tep/dos/eus 
#7 p ^nr^hrinus. (d) Cerotodus. (•) Po/ypterus. 

bl ond tetrapods. (g) Physoclistous swim 

of a teieost. (from O, C. No/sen, Comparative 
of the Vertebrates, B/ofciffon-McGrow-Hi//, 
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These run parallel to each other in a precise geo- 
metric arrangement within the gland. The vessels, 
on leaving the gland, fuse into several large si- 
nusoidal-like vessels. These penetrate the mem- 
brane and immediately branch, in an orderly fash- 
ion, to supply a patch of glandular-appearing cells 
which are located on the inside of the bladder mem- 
brane. 

Blood from the secretory epithelium is returned 
to collerting vessels, which mesh with the incoming 
ones. The blood is decanted immediately into an- 
other set of parallel vessels within the red gland 
which are exai tlv interdigitated with the ones men- 
tioned above. The double set of parallel vessels, 
half conducting blood one wav and half the other 
wav, is known anatomically as a double rete mira- 
bile. It serves as an intei change mechanism, allow- 
ing the two blood streams to exchange diffusible 
substances I'he physical principle which chemists 
now use to great advantage in the countercurrent 
sepaiation apiiaratus is the basis. The blood finally 
leaves the tightly bundled rete by way of one ma- 
jor vessel (Fig 2). 

Physiology. Knibryologicallv, the swim bladder 
IS formed as an outpou(*hing from the developing 
digestive iracl, nine h as the lungs are formed in 
higher animals In some fish, a permanent connec- 
tion to the gullet is letained and volume is regu- 
lated by periodic swalhiwing and regurgitation of 
air This observation has led to the suggestion that 
this structure has a respiratory function in addi- 
tion to the piiinar> one of hydrostatic balance. The 
theory has not been substantiated because, con- 
trary to the pictuie in all lungs and gills, there 
is no well-developed I'apillary bed for respiratory 
e\<.hange in the open-type bladder. More comlti- 
sivelv. analyses of gases, under experimental con- 
ditions rev« i1 onlv gradual changes such as would 
he expected in any body cavity. The lung fishes 
may he an ex( eption. 

TtiPic is evidence for one other function, phona- 
rion For example, the toad fish, though a bottom- 
living form, possesses a large and tightly filled 
swim bladder. Ad)acent to it is a set of muscles 
that can vibrate the bladder wall as a sounding 
hoard and pTVfduce a grating croak which is audi- 
ble long distances through water. 

AcVurately speaking, the swim bladder, as a hy- 
drostatic organ, is not limited to simple equilibra- 
tion of the density of the fish to the density of the 
surrounding water. The organ is under the control 
of the fish and can h6 used as an active aid in 
maintaining a desired position. For example, fish 
induced to.swim upward in a constantly descending 
current wiU inflate the bladder over its normal lim- 
its in order to obtain more buoyancy and vice versa. 
See EginuBRiUM, biological; Sense organ. 

If a closed-type swim bladder is deflated by 
means of a hypodermic needle, it reinflates wi!^ a 
mixture primarily of oxygen (up to 95% having 
been observed), some carbon dioxide, and 8i||NDse 
nitrogen* After the original volume is restored, the 
ratio of gases gradually ^nges to more nearly 
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Fig« 2. Swim bladder. Schematic diagram of the gas- 
secreting mechanism. 


that of other parts of the bodv and surroundings 
where nitrogen is predominant. 

Ga& production. There are two distinct schools 
of thought regarding the production of these ga^^e*^ 
One is based on the well-known Bohr effect, 
whereby blood dissociates oxygen and carbon diox- 
ide under acidic conditions and does the reverse 
under alkaline conditions. The observed ratio of re- 
leased gases supports this theory in a general 
way in that oxygen and carbcm dioxide are the 
predominant gases released. Further, it has been 
observed by histochemical methods that glycogen 
disappears from the secTetory epithelium during 
active inflation. Manometric respiratory tests show 
the epithelium to be peculiar in that the metabo- 
lism of the glycogen is not completed to the final 
end product, water and carbon dioxide Instead, it 
stops at about the lactic acid level and theiefoie 
might serve as the acidification mechanism to ob- 
tain the Bohr effect. Under these < ircumstances the 
rete mirabile exchange mechanism might protect 
the general circulation against an excessive influx 
of lactic acid and enhance the localized ac idic con- 
dition of the sec'retory eiutheliiim. 

There is one ma|or flaw to the above analysis. It 
cannot explain the release of gases at pressures 
up to a hundred times that attrihutable to an un 
assisted Bohr effect, which in final analysis is de- 
pendent cm physical diffusion gradients Pressure 
from water increases rapidly with depth and it 
quickly exceeds the diffusion pressure of dissolved 
gases which remains relatively constant with depth 
Fish that live habitually below 2S ft and do not 
come periodically to shallow depths where the 
bladder could be refilled, mu,st inflate the bladder 
by an active secretion of gases that uses either ( 1 ) a 
metabolic energy mechanism or (2) a physical 
trick to supplement the Bohr effect. 

Cellular transport. Those favoring a specific cel- 
lular transport mechanism, which utilizes metabolic 
energy to bind a gas chemically at one point and 
release it against a pressure gradient at another, 
base their claims primarily on the necessity of such 
a mechanism to account for observed pressures. 
Since all three gases, oxygen, carbon dioxide, and 
nitrogen, have been observed at pressures above 
those accountable by the surroundings, this would 
suggest transport of all three. In such discussions, 
references are usually piade to an interesting par- 
allel situation wherein the Portuguese man-of>war 
is capable of concentrating the rare gas argon in 
its float against ambient pressure gradients. How- 


ever, as yet, no enzymatic or other energy-e^^m^ 
ing cellular transportation mechanism hes 1 ^ 
demonstrated for anv of the gases concerned Th! 
possibility of such a mechanism should not be 
eluded, but it should also be kept in mind that 
because of chemical specificities, a separate on^y 
matir system would be required for each of the ob 
served gases, oxygen, carbon dioxide, and nitrogen 
and probably some of the rarer gases. Transport o 
the relatively inert nitrogen would be most surpr^ 
ing. 

Method of gas analysis. Tests with radioisoiopi 
cally labeled oxygen has shown that the oxygen re 
leased in the swim bladder is identical to the ow 
gen gas that is in solution in the water about thi 
fish. That is. the swim-hladdk^r oxygen is not de 
rived by a metabolic breakdown of some other sub 
stance in the body nor is there an exchange of dis 
solved oxvgen with oxygen already bound in b(»d^ 
compounds. Further, isotopic studies show that thi 
molecular oxygen dissolved in the surrounding na 
ter eventually reaches the air bladder as the sarm 
species of moJeciile; that is, molecular rather thai 
alomii oxygen is transported. This tends to negal 
the idea of a ( hcmical or metabolic mechanism o 
transport. 

Theory of gaseous transport. One of the nior 
piomising and intriguing theories postulates tha 
oxygen is the only gas transported bv a inetaholil 
eneigv mechanism, while the other gases are mini 
duced hv a physical principle based on the dillii 
sion of gases in^ very small bubbles If a cellula 
structure capaHlie of releasing small bubble'' u 
<ixygen and accompanying gases can be demon 
strated, then this theory may well prove to Im tli' 
solution of the dilemma. 

The theory mentioned in the preceding para 
graph receives su^iport bv observations, datinj 
hack more than 100 years, that the primary ga'«t( 
refill the closed-type air bladder, after deflation b 
puncture, is oxvgen. It has further been hypotht 
sized that once the air bladder volume has been r* 
tahlished. oxvgen is selectively reabsorbed, leaviiji 
the more “inert” gases The latter thought woiib 
presuppose a mechanism to protect or maintain th' 
status quo of gases in the air bladder, except t ' 
one actively transported. Such does indeed ex*"* " 
the rete mirabile which was mentioned above a** m 
interchange mechanism. This is based on the conn 
terciirrent principle which could protect the ^ 
eral circulation against any acidic dis 9 ociaH' 
component released by the secretory epithcin"| 
By the same token the structure would tend to m*"' 
mi/e the loss of anv other diffusible substam® 
the swim bladder. Very significant in thi*^ 
tion is the fact that fish living at the greater dep 
possess the longer retes. . 

Inflation mechanisms. It can be said that m 
absence of an unusual physical phenomenon, an 
ergy mechanism is involved in the inflation o 
closed-type air bladders of fish found at ® ^ 
other than very shallow waters. Whether thia 
anism is some patient Maxwell’s demon tgtf ™ 



^ic enivmatic system has nat been proven. 
Itthai^ver the mechanism, evidence indicates that 
' * „(narilv involves oxygen. The other gase.s very 
' Ibablv are moved passively by means of diffusion 
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further variant might be appended to the 
abirte discuswon. Some fish, as noted at the begin- 
ning have bladders separated into two compart- 
b\ an oval window. There is good evidence 
that the opening and the closure of the oval win- 
dow control the inflation and deflation of the blad- 
der It i'' hypothesized that constant secretion of 
occurs in one compartment (usually the larger 
„ne) and ronstant absorption in the other. The fi- 
nd! sidtuH of the bladder is determined by the 
.piiiniiPihhe arlivitv of the oval window, the miis- 
iiiiKire of which is under the nervous control of 
ilip fish See Phonoreception. [n.n.ro.l 
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cjf fhc telpohtean physoc*listou«c swimbladder, 
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d<»^ S hwimmhldse der Fische. Ober die Cassekre- 
tnn in dei Sc liwimmblase von Phvsoclisten, Z. 
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Swine production 

production of swine is an agricultural business 
^ I'ii IS usually located in proximity to sources of 
'gn energy feedstiiffs. Particularly in the United 
the geographical distribution of swine pro- 
V“t‘“n closely related to corn and sorghum pro- 
Swine, as nonruminants, utilize large 
Nniifie^ of concentrate feeds, for instance, it is 
'^^*inated that 45% of the corn grain is fed to 
However, swine utilize only limited quanti- 

“'■'ofrou^hageinthediet. 

win® products. The primary products of swine 
ptod^™ l«rd, hides, and innumerable by- 
* pharmaceutical nature. Pork and 
tif, approximately 15% of the totsl calo- 
3 , as food in the United States. The 

, I *** and lard consumption per person in 
Pteal year was 83.2 lb, whereas the consump* 
® other meats wa$ 124.1 lb per person. Pork is 
•tKvessfully cured and stored than maily 
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other meats, and it is estimated that about 60% of 
the swine carcass is cured by various methods. 

The United States has 24% of the world hog 
population. The 10 leading states, in order of num- 
ber and value of hogs on farms. 1945- 1954, are in- 
dicated in Fable 1. The swine production industry 

Table 1. Average number and ralue of hen 
on farmc, 1945-1954* 


State 

Number 

Value 

fowu 

11,116 

1218,118 

Illinois 

5,941 

117,642 

liitliunii 

4,200 

79,1.52 

Missouri 

5,717 

61,486 

Minnosotu 

3,474 

66,921 

Ohio 

2,945 

49,316 

Nebraska 

2,627 

43,628 

WiHt'oiisin 

1,717 

31,8.59 

Texas 

1,62.3 

16,060 

Keiilinky 

1,3.56 

19,609 

United States 

56,853 

977.165 


• USD A, Agricultural Statistics, 1956. 


exists cis a part, varying from large to small, of a 
largei farm operation. Fiequentiv, swine produc- 
tion is emphiyed to supplement other farm opera- 
tions so as to distribute laboi lequirements or to 
intensify the farm operation. However, the total 
number of hog producers is decreasing while those 
remaining in the Inisiness are im. leasing their vol- 
ume. This trend is expected to continue. 

Swine production embodies the application of 
the principles of breeding, mamigement, nutrition, 
and marketing. 

Swing breeding. The swine breeiiing herd is 
either developed on a purebred breeding program 
or on a svstem ol crossing the various breeds. See 
Biu LDING (animal). The breeds are rather arbi- 
trarily divided into bacon- and meat-type breeds, 
with the latter the rnoie popular. The major breeds 
within the two classifications are listed below. A 



Meat type 

Bacon type 

Berkshire 

Minnesota No. 1 

Tamworth 

Chester While 

Minnesota No. 2 

Yorkshire 

Duroc 

Montana No. 1 


Hampshire 

Spotted Poland China 


typical examph of a meat-type breed is 
in Fig. 1. 

illustrated 



Fie. ^ tyeicol example of a meaf-type breed. 
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Most of the hogs in the United States are pro- 
duced in a crossbreeding program consisting of 
the muting of individuals of different breeds or in- 
bred lines. Research has shown that crossbreeding 
increases the vigor and feeding (fualities of the off- 
spring; this effect is called heterosis or hybrid 
vigor. First-cross gilts or three-breed cross gilts, 
produced by mating first-cross gilts to a boar of a 
third breed, farrow and wean larger and heavier 
litters than piirebreds. In practical swine opera- 
tions a system of rotation breeding is recommended 
to realize the advantages of crossbreeding. Rota- 
ticKi breeding is accomplished by using male 
“seed” stock from three or four breeds in rotation 
and retaining the female stock siied by each boar. 

Swine normally reach puberty between the ages 
of 4 and 5 months. Females exhibit sexual maturity 
at a slightly earlier age than males, but arc not 
usually bred to farrow before they are 12 14 
months old and weigh at least 225 Ib. Boars me not 
used for bleeding until they are at least 8 months 
old. 

Estriis, or the time of sexual excitement in the 
sow, lasts from 48 72 hours and occurs ever> 
18 24 days. Ovulation normally occurs during the 
latter part of the esirous period. It has been de- 
termined that female suine shed an average of 18 
ova at each esirous period, although only hO 
survive the gestation period of 114 days. The heavy 
prenatal mortality has not been explained. 

Litter si/e. which averages 9.75 pigs, is influ- 
enced bv a numbei of factors. The age of the fe- 
male at mating is the most important factor: the 
number of pigs fan owed per litter increases up to 
the fifth litter, or the time the sow is about 3 years 
of age. Breeds differ, and within breeds the short, 
compac t sows uhiially have smaller litters than the 
grc»wthier individuals. About 5% of the pigs far- 
rowed are stillborn. 

Swine management. Items me luded as manage- 
ment arc primarily directed at piotecting the 
animals from adverse environmental factors and 
providing maximiim opportiinitv for survival and 
growth. About 25^f of the pigs farrowed fail to 
survive to a weaning age of 6 8 weeks. Crushing 
by the sow, chilling, and starvation are the princi- 
pal causes of the heavy mortality rate. Farrowing 
stallb. or pens equipped with guard rails, and pig 
broodera are used to protect the newborn pigs 
(Fig. 21. During the first 2 weeks of the pig’s life 
in a cool environment, it needs* supplemental heal 
because its own heat regulatory mechanism is un- 
developed. Clipping needle teeth, applying tinc- 
ture of iodine to the navel, and administering sugar 
solution are also done to reduce mortality. 

Since the pig has a very limited ability^to dissi- 
pate body heat by sweating, fattening pigs or 
breeding stock must be protected during periods of 
high temperature. Shades, sanitary wallows, and 
water mists are used. ^ 

Swine are particularly susceptible to diseases 
and parasites. Cholera, erysipelas, dysentery, 
Traum’s disease, leptospirosis, atrophic rhinitis. 


'f 



Fig. 2. Farrowing stall with sow and litter. 


and transmissible gastroenteritis are some oi fhe j 
more importarf^ diseases (acc ZooNOJrts) In mo'i 
rases, treatment of the di.sedse is not well delimd 
and preventive or control measures are ren»m 
mended. Si\ine die espec ially subiect to infestdimn 
with ascarids, which are parasites primarily of ihe 
intestinal tract that impair metabolism and grouih 
( see Asf aris) . The life cycle of the a&carid !•» tom 
plicated. Following ingestion of the embrvonaied 
ascarid eggs by the pig, the larvae burrow through 
out the body. Eventually they find their wav to ihf 
lungs and from there they migrate to the mouth 
Then, following ingestion, the larvae develop into 
mature ascarids in the intestinal tract. Unem 
hryonated eggs are passed in the feces. 
cin B, sodium fluoride, and piperazine compound*' 
are effective anthelmintics. 

The McLean-county system of swine sanitatw** 
has been proposed to control diseases and j 
sites. The scheme is composed of four step«J 
of clean farrowing quarters, washing of sow 
to farrowing, sanitary removal of sow and litter I® 
uninfested land, and retaining of pigs on uiutt’, 
fested land until at least 4 months of age* 

Swine nutrition. Nutrition is an important 
of swine production, because feed costs coWptt®* 
about 80% of the total cost of production. 

Feeding practices of today arc scientffic^^ ^ 
veloped to insure the maximum rate and 
of physiologi^ifal performance. The 
noted in pigs fed rations which were chara^^tertt^ 
at designated times in the history of the 

r I 


. i, illustrated in Fig. 3. Most of the progress 
resulted from an increased knowledge of the 

.Btrient needs of swine. 

T^utritionallys swine feeding is arbitrarily di- 
jded in^o critical and noncritical phases. Gesta- 
iioru lacUtion. and growth of the baby pig are ron- 
idered critical periods, because nutrient needs are 
4 l 8 peak. The fattening period is noncritical. Re- 
(niirements of swine may be classified as water, 
^rgy (carbohydrate and fat), protein (amino 
acids), minerals, and vitamins. It is essential that 
these bf in proper balance in order to promote op- 
timum performance. 

Water serves as a medium for digestion, absorp- 
tHin, transportation, and excretion of other nutri- 
ents. The water requirements of swine vary from 
^12^; of the livcweighl. 

Most of the energy need of the pig is supplied bv 
dipiar> carbohydrate and fat, although fat usually 
a minor role (see Carhohvoratk; Fat and 
on. ^DIBLF). In general, carbohydrate^ such as 
sljnh. dextrins. disaccharides (except lactose), 
and monosaccharides are eftnallv metabolizable b\ 
iht wpdniing pig. High levels of lactose in the diet 
ina\ (duse dianhea in the weanling pig. hut it is 
an eve client source of energv for the bahv pig. Fn- 
frp reffiiirenients of swine are iisuulK expressed 

d daily need for t(Ual feed or digestible niilri- 
int^ Feed intake inci eases as the pig matures, be- 
» iii*.e nutrient requirements for maintenance and 
Hdjfhlgdin are higher. For example, a 2S.|b pig 
vull ^(dulltHlily consume about 2.0 lb of feed daily, 
whcieds a 200-lb pig will consume about 7.S lb. 

Protein is essential for maintenance, growth, 
(if^tation. and lactation of swine. Proteins consist 

Jitmio acids. An essential amino acid is one that 
ill' |)ig cannot synthesize at a suffioientlv rapid 
rale to permit normal performance. The essential 
rmino d( ids for the growing pig are arginine, his- 
iidine isoleucine, leucine, Ivsine, methionine. 
I'lren>lalanine. threonine, tryptophan, and valine 
Vmino AMDs). In addition, cystine and tyro- 
"inc I an satisfy a part of the need for methionine 
'ind phenylalanine, respectively. The amino acids 
•d most practical importance are lysine, trypto- 
I'l'oi and methionine which are inadequately sup- 
plied by corn. Although there is an increasing em- 
plia^is on amino acid needs of swine, it Is still 
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customary to satisfy the need by providing ample 
quantities of protein. 

The mineral and vitamin requirements of, and a 
typical ration for, the weanling pig are described 
in Table 2 (see Mineral; Vitamin). Corn lacks 


Table 2. Nutrient needs and a typical diet 
of the weanling pig 


Nutrient iieeris 

« 

T ypical ration 

Nutrient Amount 

ingretlient 

Amount 

Air-dry feed, \h 

20 

Yellow corn, lb 

79.4 

Total diffostihlu 


Soybean oil 


nutrients, Ih 

1 5 

meal, lb 

18.0 

Crude protein, % 

IHO 

Dicalrium pyro- 


(wilriiim, % 

0 8 

phosphate, lb 

1 0 

Phosphorus, % 

0 h 

(■round liiiieHlone, 


Sodium chloride, % 

0,5 

Ih 

1.0 

Chopper, mg/ Ih 

20 

Trace-mineralized 


Iron, mg Ih 

15 0 

sail, lb 

05 

Iodine, mg/lh 

0 1 

Vitamin A and D 


Mangiinese, iiigdh 

180 

suppleinenL, lb 

0 1 

C^aiolene, ing/lh 

0 75 

Hil^oflavin. mg 

100 0 

\itumin L), Jti/lb 

90 0 

(^.aleium panto- 


Thiamine, mg/lh 

0 5 

thenate, mg 

500 0 

HilH>navin, iiig/lh 

1 2 

Niaein, mg 

800 0 

Niaein. mg lb 

80 

C'holine chloride. 


PaiilolheiiK aeid, 


mg 

10,000.0 

mg Ih 

5 0 

Vitamin B^, /ig 

700.0 

PiiidoMiie, mg'lh 

0 0 

Antihiolie, g 

1 0 

('huline, iiig/lh 

too 0 



Vilainiii Hi>, MK/lh 

7 0 




* NhIioiihI ItcscHrcii ('uiiricil < lofiiinillec on Animal 
INutrilioii, Nutnent liequirements for Swine^ 1953 


many minerals and vitamins, hence practical diets 
normally require supplementation Calcium, phos- 
phorus. sodium, and chlorine are normally added 
as ground limestone, steamed bone meal or dical- 
u'lrn ph«isphate. and trace- mineralized salt. Trace 
minerals, such as iron, copper, manganese, iodine, 
and cobalt are added as safety measures. Most 
swine rations require vitamin supplementation. 
Vitamins A and D are commonly added as fish liver 
oils, and the B vitamins are added as synthetically 
produced vitamin supplements. 

Feed additives, such as antibiotic supplements, 
are becoming standard ingredients of swine rations 
(see Antibiotic). Antibiotic supplements contain- 
ing chlorlrtcac vcline ( aureomycin ) , oxytetracy- 
cline ( terramycin ) , or penicillin are added to 
growing pig rations to provide 5-10 milligrams of 
antibiotic per pound of ration. Antibiotics stimu- 
late the rate of gain, apparently by improving the 
general health of the pigs. 

Swine rations are s|»If-fed to growing-finishing 
pigs, since this conserves labor and results in max- 
imum feed intake. Although most swine producers 
offer free access to shelled corn and supplement in 
self-feeders, there is a trend to feed mixed rations. 
A supplement is a mixture of feeds which provides 
the nutrients that are lacking in corn. Pigs have 
the ability to consume com and supplement in 
amounts to constitute a balanced ration. 

With current feeding methods, pigs normally at- 
tain a market weight of 200-225 lb at apprMi* 
mately 5H months ef age. 
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SwiM fnark^ting. Of the swine slaughtered under 
Federal inspection, 87% consist of barrows and 
gilts and the remainder are sows, boars, and stags. 
The market hogs move from the farm to the 
slaughter plants through terminal public markets, 
dealers, concentration yards, truck buyers, auc- 
tions, and local cooperative associations, or by di- 
rect sale to the packer. The type of marketing 
varies considerably in different areas, although 
terminal public markets and direct packer pur- 
chase are the most popular channels. 

Market grades of slaughter barrows and gilts 
have been developed according to a scheme which 
places a premium on the four major lean cuts, the 
ham, loin, picnic, and Boston butt. In addition, 
market grades penalize excess finish and lard. Bur- 
row and gilt carcasses are graded as U.S. No. 1, 
U.S. No. 2, U.S. No. 8, medium, and cull. Medium 
and cull grades are characterized by a low degree 
of finish. 

Market price of hogs is largely determined by 
the prevailing commodity price level and by sup- 
ply and demand. Keen competition from other 
meats has been particularly important in recent 
years. [ D.f .b.] 

Bibliography: See ALnuvLTvnM s(IFI^^f^ (ani- 
mal). 


Switch, electric 

A device which makes, breaks, or changes the 
course of an electric circuit. Basically it consists 
of two or more contacts mounted on an insulating 
structure and arranged to be moved into and out of 
contact with each other by a suitable operating 
mechanism. See Contac r. flk thk . 

The term switch usually is used to denote only 
those devices intended to function when the circuit 
is either deenergized or operating under normal 
load; as contrasted with circuit breakers, which 
also function when the circuit is carrying abnormal 
currents, such as short-circuit currents. See CiR- 
(IJll BRKAKhK. 




Switches frequently are (fcomposed of many 
gle circuit elements, known as poles, all operated 
simultaneously or in a predetermined sequence b\ 
the same mechanism. Switches used in complex ma 
chines, such as computers, may have a large num 
her of poles. Switches used in power circuits usu 
ally have from one to four poles, depending on iht- 
kind of circuit. Switches are often typed by ihf 
number of poles, such as single-pole or double 
pole. It is also common to express the numbfr ul 
possible switch positions per pole, suth as a hh 
gle-throw or double-throw switch. 

Types of switches. Switches are made in man\ 
forms, ranging fiom Microswitches, used in W 
voltage circuits carrying small currents in mi L 
equipment as telephones and business mdchine** to 
disconnecting switches in power transmission (ir 
cuits carrying thousands of amperes at about SOI) 
000 volts. They are classified in hundreds of (ait* 
gories according to their use or construction. 

Most familiar are the wall switches used in 
homes and offices for turning lights and uppliarur*^ 
on and off, canopy switches in poi table lamps, did 
and pushbutton switches on electric ranges and 
automatic washing machines and dishwashers and 
service entrance switches used to cut off 
from buildings in emergencies. 

Knife stwit(h. The oldest and most symbols 
form of switch, the knife switch, consists a 
metal blade hinged to a stationary jaw at one end 
and contacting a similar jaw at the other end 
(Fig. 2). A vast array of switches, from the large**! 
high-voltage disconnecting switches more than ^ 
ft high and 20 ft long to small low-voltage switchfj 
the size of a matchbook, are refined adaptation*' « 
this simple form. 

Leaf-spring switch. In this type of switch, p«ra 
lei strips of spring metal are sandwiched brtween 
blocks of insulation at one end and pushed into or 
out of contact at the other end by a suitable operar 
ing mechanism. These are extensively used in 
munication equipment and other light machinea. 

Sliding-contact switch. Frequently used 
several different circuits are to be switched^® 
different patterns, these take the form of a 4®* ® 
drum with melal segments making contact 
contact fingers sliding over the dial or dru® 
face. Examples of these arc 8tatio»*f®^ 







Fig 3 Miniature mercury switch element may be 
used with a variety of actuating mechanisms to cause 
Mitng (MinneapoHs-Honeyweli Regulator Co.) 


«uir(h(‘' in sonir television reieiveis and tap- 
hm^ing switi lies in power iranstoimers. 
finttnmtad M(it(h This is anuthei widpl> used 
•irm in wliM li a shoit movable bar of metal bridges 
I'l 4i[» l»rr^eeri two fixed rondnelors and is moved 
iiihaiul mil oi (ontaet bv a varietv of meehanisms. 
I nil oprrated master switches used extensively on 
iihlim* tool^ and contiol switches on power 
WIN lihoaids are frequently of this t>pe. 

sH!t(h The gap between two conductors 
siltd 111 d movable container can be bridged b> a 
rnenuTV (Fig. H), pioviding silent opera- 
'I'n imi Isolation from explosive and eoirosive 

Arc extinction. Switches known as load-break 
used in power applications are often re- 
liiirH to interrupt consideiablc current. To do thi'^ 



® ^ ^oogle..m^ifeh mochonism. 
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safely they must be equipped with special devices 
for quickly extinguishing the arc that occurs 
when the circuit is broken. Known as arc quench- 
ers, these usually take the form of chambers of 
ceramic or other heat-resisting materials surround- 
ing the arc. Sometimes a blow»oiit coil is used to 
drive the arc rapidly along diverging contact sur- 
faces reaching into the arcing chamber, lengthening 
the arc and hastening its extinction (see Blowout 
coil). 

Successful arc extinction in any switch is ex- 
pedited bv rapid motion of the switch contacts. 
To accomplish this, a variety of mechanisms is 
used, the most (*ommon of which is the over-center 
toggle mechanism found in the ordinary wall 
switch. In this device, the first movement of the 
handle stores energy in a spring and further move- 
ment releases the spring to snap the switch open 
or closed. 

Special switch applications. Because of their 
si/e and fieijuentlv inaccessible locution, high- 
voltage switches and low-voltage switehes of high 
eurreni capacitv are often operated b> power- 
driven mechanisms controlled from a remiile point 
b\ small control switches. \ large categoiy of 
switches known as auxiliary, limit, and position 
switches aie ai ranged for attachment to all man- 
nei of machines lo be operated by the motion of 
llieir pdits rather than by hand. Iw.n.l. ] 

Switch, electronic 

An elet Ironic device lo which two input waveforms 
can be applied and which deliveis at a pair of out- 
put terminals a signal that is alternately a replica 
o! 'ach ol the input signals. The transmission gate 
performs the basic switching function of the elec- 
tronic switc h, and sometimes such a gate circuit is 
Itself defined as an electronic switch ( 5 ee Gate 
( iRci ir). However, the electronic switch is usually 
considered lo be a separate instrument to which 
periodieallv recurrent input signals, of arbitrary 
waveform but with synchronously related periods, 
are connetted. The output is switched between the 
two waveforms at a rate that is synchronous with 
fhe period ol tl»e input waveforms. One of the in- 
put signals olten provides synchronizing informa- 
tion fo supply periodic trigger pulses, which are 
then applied to the gate signal generators within 
the switch. 

A frequent use of the electronic switch is to 
provide means for displaying two time-related sig- 
nals on the screen of a cathode-ray oscilloscope 
without requiring two independent deflection sys- 
tems within the cathode-ray tube. For this applica- 
tion. the time-based circuit of the display device is 
synchronized with the repetition rate of one of the 
two input signals, and the internal transmission 
gate of the switch alternately switches the signals 
to the output. At the same time a dc component, 
or pedestal, is added to each of the two signals so 
that they wrll appear at distinct levels on dbe 
screen of the display device. 


344 SwItcliiiHi circuit 



Block diagram of elements of electronic switch. 


A block diagram of an electronic switch is shown 
in the illustration. The two input waveforms are 
applied to amplifier channels. The amplified wave- 
forms are then applied to switching devices and 
also to a trigger circuit, which generates trigger 
pulses that can be synchronized either inteinallv or 
with one of the input signals. A gate waveform 
generator, usually a bistable multivibrator, is used 
to actuate a gating waveform to operate the switch- 
ing devices alternately. 

A controllable portion of the gating pulse mav 
be combined with each switched channel to provide 
an amplitude separation of the two switched sig- 
nals where separation i& necessary for such appli- 
cations as the cathode-ray tube display. 

The trigger circuit might supply a trigger to the 
time-base generator of an oscilloscope, or when in- 
ternal triggers are generated, it might be used to 
control the repetition period of the phenomena to 
be displayed. See Wave-shaping circuits, f u.m.g.1 

Switching circuit 

A constituent electric circuit of switching or digital 
data-)irncet<8ing s-ystems. Well-known examples of 
such systems are digital computers, dial telephone 
systems, automatic accounting and inventory ays- 
lema. In these and other switching systems the com- 
ponent circuit units receive, store, and manipulate 
information in coded (digital) form to accomplish 
the specified objectives of the system. See Switch- 
ing SYSTEMS (communications) ; SWITCHING THE- 
ORY. 

Physically, switching circuits consist of conduct- 
ing paths interconnecting discrete-valued electrical 
devices. The most generally used switching circuit 
devices are two-valued or binary, such as switches 
and relays ih which manual or electromagnetic ac- 
tuation opens and closes electric contacts; vacuum 
and gas-filled electronic tubes, semiconductor rec- 
tifiers and transistors! which do or do not conduct 
current; and magnetic structures, which can be sat- 
urated in either one of two directions. 


The electrical conditions controlling these 
ing circuit devices are also generally twB-valuJ* 
binary, such as open versus closed path, full J* 
age versus no voltage, large current versub 
current, and high resistance versus low resibu 
Such two-valued electrical conditions, as applied ^ 
the input of a switching circuit, represent either \\ 
a combination of events or situations which exist 
do not exist, (2) a sequence of events or situation^ 
which occur in a certain order, or (3) both combi 
nations and sequences of events or situations Tbe 
switching circuit responds to such inputs by delo 
ering at its output, also in two-valued terms, 
information which is functionally related tuthfin 
put information. 

The two fundamental characteristics of sHiuhm^ 
circuits are logic and mem\>ry. A switching unuu 
embodies such logical relationships as output \ i, 
to exist only if inputs A and B occur simultane 
ously; and output Y is to exist if either inpm \ 
or input B occurs. The factor of memory, in turn 
enables a switching circuit to hold or retain a guen 
state after the condition that produced the state ha^ 
passed 

Basic combinational circuits. A combinational 
switching circuit is one in which a particular ’•h 
of input conditions always establishes the samf mil 
put. irrespective of the past history of the (in ml 
An example of a simple combinational 
the problem of controlling the entrance-hall lijili 
of a residence by three up-down wall si^iidieslo 
cated in three different rooms; that is, aii\ oneo» 
the three switches must be able to turn ilif 

hall light either on or off. Analysis of this prolih 
shows that the circuit must meet the follovunn 
simple requirements. If any one or all three 
switches aie down, the hall lamp must light, if 
one or all three switches are up, the lamp mii^l bf I 
dark. An obvious (but not the most efficient) nil 
ciiit meeting these requirements isS shown in Fip 1 

In this problem the circuit inputs are, of cniiNl 
the manual switch settings, and the ciniiit (mtp«J 
is the control of the light. 

In electronic switching circuits, so-called 
are used to perform logical functions equivalent 
these series-parallel networks of switch contar^r 


switch 1 switch 2 switch 3 
f up ^ up up 

down ^down ^down 



Fig. 1. Elementary combinational switching circuit 
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fig 2 Typical switching gates using crystal diodes. 

I ilu*^ si*nse. an electronic gate is an elementary 
onihinatiiinal circuit. Gates do not function by 
b-hv-nal reairangemenl of interconnecting paths. 

( 1(1 swiidi oi relay coiilacts. Instead, they fiiiic- 
[tion l»v coiilfol of voltage or current levels at their 

ilir most commonly encountered gates are the 
M) and the or gates. The and gate produces an 
iinlv if all its inputs are concurrentlv pres- 
nt dll OR gate produces an output if any one or 
h'n I oiiihination of its inputs is present. Figure 2 
hoih an AM) gate and an or gale, using rec- 
|iher«i diode elements. 

!m ilie AND gale the rectifiers are so oriented that 

I 'll I nit trorn a positive voltage source E passes 
linmph the relatively large resistance R and then 
hinigh the low forward resistance of any one of 
111'* in tifuTs to ground in the circuits controlling 
lli»' jidte. Thus, in the inactive state of the gate the 
I'liiput lead is at or near ground potential. If all 
flinr input leads of this gate concurrently receive 
jP‘»siri\e voltage pulse of magnitude £, the recti- 
approach open circuit, and the output lead 
I'll!! he idised from near ground to a positive po- 
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tential for the duration of the input pulse. In other 
words, input leads 1 and 2 and 3 roust all receive 
the positive pulse to obtain the positive output 
voltage. 

In the OR gale the rectifiers arc reversed so that 
current flows from ground in the input circuits 
through the low forward resistance of any rectifier 
and then through the relatively large resistance R 
to the negative voltage source Thus, in the in- 
active state of the gate the output lead is at or 
near ground potential. If, however, a relatively high 
positive voltage pulse is applied to input leads 1 
OR 2 OR 3, the remaining two diodes arc cut off and 
the output is raised to a positive potential for the 
duration of the input pulse. 

Gates may, of cour.se, be constructed with other 
electronic devices, such as tubes, transistors, and 
magnetic cores. 

Basic sequential circuits. A sequential switch- 
ing circuit is one who.se output depends not only 
upon the present state of its input, but also on what 
its input conditions have been in the past. Sequen- 
tial circuits, therefore, require memory elements. 

By way of illustration, consider the following 
simple sequential circuit problem. When a tele- 



Fig. 4. A transistor switching memory element (flip- 
flop). 


phone customer lifts his handset, a lamp is to light 
in front of a switchboard operator. When an opera- 
tor answers, the light should go out to avoid other 
operators also answering. After the operator has 
satisfied the customer's request for a connection, 
she withdraws. The light, however, should not re- 
light now, even though the conditions existing at 
this time are seemingly identical with those at the 
start; that* is, the customer has his handset lifted 
and no operator is on the line. A sequential relay 
circuit meeting these simple requirements is shown 
in Fig. 3. In this circuit, when the handset is lifted, 
the handset off-hook switch connects a ground in^ 
put to relay A which operates and lights the swit(4l- 
board lamp. When the operator answers, another 
ground input operates relay B, and this relay puts 
out the light. A holding circuit on relay B ke^s 
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Fig. 5. Simple relay selecting circuit. 

relay B operated until the handset off-hook switch 
is Ufcain opened and relay A is deenergized. Relay 
B “remembers” that the operator has answered and 
prevents the relighting of the lamp when the op- 
erator withdraws. It is. therefore, the memory ele- 
ment of the circuit. 

A typical electronic memory element used in se- 
(piential circuits is a simple circtiil called a flip- 
flop. A flip-flop consists of two amplifiers connei»te«l 
so that the output of one amplifier is the input of 
the other. A voltage pulse will set the flip-flop into 
one of two states, and that stale remains until an- 
other voltage pulse resets, or returns the flip-flop 
to its original state. It can therefore be used to re- 
member that an event has taken place. 

Figure 4 is an n-p-n transistor flip-flop. When 
set. transistor A is conducting and transistor B is 
cut off. When reset, transistor B is conducting and 
transistor A is cut off. A positive output voltage 
with respect to ground may he obtained from cither 
transistor to indicate the condition of the flip-flop. 

Relays, flip-flops, and similar memory elements 
provide static, or fixed, memory; they hold the 
stored information indefinitely, or until they are 
told to “forget.*’ In contrast, a delay-line provides 
transient memory. A delay line has the property 
that an electrical signal applied to its input is de- 
layed on its way to the output. 

Functional switching circuits. Even in large and 
complex switching systems the majority of circuit 
requirements can be met by a relatively small num- 
ber of types of circuits, each of which performs one 
or a limited number of somewhat distinct functions. 
These functional circuits are the basic building 
blocks of a switching system. 

Selecting circuits, A selecting circuit receives the 
identity (called the addres.s) of a particular item 
and selects that item from among a number of sim- 
ilar ones. The selectable items are often represented 


b> terminals or leads. Selection usually i 
marking the specified terminal or lead by apnr' 
to it some electrical condition, such as a voha 
current pulse, or a steady-state dc signal. Bv rn 
of this electrical condition, the selected circuir' 
alerted, seized, or controlled. 

Figure 5 is a simple relay selecting circuit. Thj 
circuit uses three relays to select one of eight uJi' 
puts according to the combinations in whirh ih^ 
three relays are operated or not operated. The in 
put is ground or no ground on control leadh A. B t 






Fig 8 Connecting circuit using and and or gates. 


in variou*' rombinalionh (the address). The output 
III the (irciiit is ground appearing on the single se- 
vered output lead. 

\n eledionic selecting circuit using and gates 
hilif matrix l>pe shown in Fig, 0. In this type of 
mint an input signal appears on one of the hori* 
/.mial input leads and concurrently on one of the 
vf-rtual intuit leads. The selected output is at the 
iiiHspoint of these two leads. 

( imnPiUng circuits A switching system is an ag- 
of functional circuit units, some of which 
iMihi Mimrtiiiies he directly coupled to each other 
» mtenhange information. Such a system needs, 
ilif'ofore connecting circuits which establish the 
mint a'^socidtions dictated by the momentary 
of the system. 

Fifinro 7 IS d simple relay circuit to illustrate the 
inmiplf of connectors. Any one of the three cir- 
•ut*- \ B. oi C, can be connected over a single 
'♦ »d vvith either circuit X or Y by operating the re- 
I ' uhose designation ccirresponds to the desired 
•iniit association. These relays are operated bv an 
control circuit that determines which cir- 
"iii association is needed and insuies that onh one 
nla\ is operated at a time in any row or any col- 
irnn The connector relays may, of course, carry 
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more than one interconnecting lead, and the num- 
ber of interconnectable circuits could be fewer or 
many more. 

Figure 8 shows a simple electronic connecting 
circuit using and and or gates. In this arrangement 
a communication path is provided over a single link 
from any one of the three functional circuits A, B, 
C, to either the X or Y ciicuit by an external con- 
trol circuit activating the appropriate pair of 
AND gates. To provide a multilead link, or to pro- 
vide for other simultaneous interconnections, addi- 
tional AND gates would, of course, be required. The 
OR gate maintains separation of the inputs «it the 
common junction point. 

Lockout circuits. In switching systems, .situations 
often arise where several similar circuit units are 
readv at the same instant to request collaboration 
with another type of functional circuit. Mutual in- 
terference among the requesting circuits is pre- 
vented by the lockout circuit. In response to con- 
current inputs from a number of external circuits, 
a lockout circuit pnnides an output indication cor- 
responding to one, and only one, of these circuits 
at any time. 

Figure 9 illustrates a basic relay lockout circuit. 
The external circuits signify their requests to be 
allowed to proceed by grounding their respective 
f’onlrol leads designated C. The output of the lock- 
out rjrcuit is ground appearing on a single lead 
designated B, associated with the particular exter- 
nal circuit whose request has been granted. The 
charai’teristics that enable this circuit to perform 
its function, are (1) the output ground goes 
through a contact network chained from left to 
right; this ground can appear onlv on the output 
It .d of the lowest numbered operated rclav which 
represents the winning external circuit; (2) the 
voltage source or batterv on which the relays op- 
erate, in turn goes through another contact network 
chained in such a manner that once any relay op- 
erates, from then on only higher numbered relays 
are permitted to operate; (3) an operated relay 
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Ralgy lockout circuit. 
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Fig. 10. Lockout circuit using cold-cathode gas tubes. 

stays operated on battery through its own closed 
contact, until the external rircuit removes the con- 
trol ground as an indication that it has been satis- 
fied 

Figure 10 shows a tvpical electronic lockout cir- 
cuit using cold-cathode gas-filled tubes. The exter- 
nal circuits furnish positive potential on the input 
leads to the control gaps of the tubes as indica- 
tions of service requests. The operation of the cir- 
cuit is based on the dynamic negative-resistance 
characteristics of gas tubes. If such tubes are pro- 
vided with a common impedance in their conduction 
paths (the cathode impedance in this circuit), si- 
multaneous input signals will result in the ioniza- 
tion of only one tube. Once the control gap of a 
tube is ionized, conduction current starts flowing in 
its main gap and this current through the common 
impedance instantaneously i educes the voltage 


across all the other tubes below the value uenl 
to ionize them. This reduced voltage is, how 
adequate to keep the single ionized tube in the^*^' 
ducting state until its conduction path is 
The identity of the particular ionized tube 
rived from the anode resistance individual to e 1 < 
tube; the output lead whose potential has beenlo 1 
ered by this resistance represents the circuit wb? ^ 
request has been granted. i 

Lockout circuits are sometimes referred to 
hunting or finding circuits. Irrespective of name 
the problem in all applications of lockout (irdm, 
is that of concurrently competing circuits, amonii ^ 
which one has to be picked for some action. 

Translating circuits. Switching systems proie^is 
information in coded formj^the information ihn 
receive and manipulate is geherally in the form o( 
numbers. 

Numerical codes are many and varied, Pd«h uith 
its own characteristics and more or less distinct ad 
vantages for different switching circuit situation** 
Therefore, one of the common functional c in uiIh m 
switching systems is the translating circuit iihidi 
translates information received in one < ode into tb 
same information expressed in another code 
translating circuits are combinational circuits \ 
given input signal combination repiesenting a codi 
to be translated always produces the same c»ut|)iii 
signals, which represent the desired code ♦ 

Figure 11 is an elementary relay transldtiiif* ht | 
cult. In this circuit the input code is bic]iiinin 
(ground on one of the input leads 1 to '> lieinjz tb 
quinary or five-valued part, and ground on leid \ - 
or B being the binary or two-valued part) 1h« m ; 
put of the circuit in turn is decimal, in lespon^'C in ‘ 
a biquinary input, a ground appears on one ot tb ' 
10 output leads. 

Figure 12 is an example of a magnetic c ore Iran- 
lating circuit that translates from binary code ll 
2, 4) to a one out of eight code (0, L 2, 

6, 7) The circuit has three flip-flops which are '*<1 
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^>g 12 Code register and translating circuit using 
fuagnetic cores 


I (not set) arc ording to the binary input 
nit (ninhinatiun The translating elements are 
magnetic cores, each with five windings, and 
Jir represented in Fig. 12 by a heavy vertical line 
short slanting, line «iegment represents a sep- 
winding on a core. These short slanting lines 
Mnibolire a mirror action; an input current 
pube coming from a flip-flop sets a core if it is re- 
^‘led upward by the mirror and prevents setting 
^ resets ihe core if reflected downward. Once set, 
* ^ ^“bsequent resetting of a core induces a i uirent 
** flows upward in the vertical line (in a direc- 
jj‘>n opposite to the resetting current) and is re- 
left or right by each mirror symbol, 
this explanation of the symbolism, the cii- 
Works as follows. The input is binary; that is, 
^ positive voltage pulse to each of 
^ three flip-flops either on its set or on its reset 
add”^ according to the table. (Note that by 
'ag the numerical designations of those flip- 
'vhich are set in a particular combination, the 
output digit is determined.) 
p flip-flops are being set, their output 

Hi /*** prevented from flowing into the core 
maV*^** the transistor set-gate which is nor- 
^ ,J^.’^®*)conductiiig, Shortly after the binary input 
*aation is recorded in the flif^flops, this set- 
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gate is pulsed for a moment into its conducting 
state. During this moment, output current will flow 
from each flip-flop either in its ONf output lead (if 
the flip-flop has been set) or in its zero output 
lead (if the flip-flop has been reset). As Fig. 12 
shows, the output cuireni of flip-flop 4 is always 
used to set the cores; that is, the current in the 
ZfRO output lead of this flip-flop is used to mag- 
netize the first four tores in the set direction, or 
the current in its onf output lead is used to mag- 
netize the last four cores in the set direi'tion. In 
contidst, the output currents from flip-flops 2 and 1 
are always used to magnetize the cores in the op- 
posite or reset direction. Initially all cores are in 
the reset t ondition, and cores that receive both set 
and reset currents snnultaneously will not change 
this initial condition An analysis of Fig. 12 will 
theiefore show that, tor any desired digit, one and 
only one of the eight cores will be set by the flip- 
flops in combination. For instance, if output 3 is 
desired, the current from flip-flop 4 tends to set 
coies 0, 1, 2, and but cores 0, 1, and 2 are 
prevented from being set by the output current 
from either oi both flip-flops 2 and 1. When the 
translated code is needed, the f uiient pulse on the 
advance lead lespis the single previous! v set core, 
and conse(|uentl\ an induced output current pulse 
appeals on the approt>riate output lead. (The ree- 
tiheis in the infiut and output portions of the cir- 
c int luevenl unwanted reverse cuirent.) 

Hemster <ir(uits Information received by a 
switching system is not always used immediately. 
It must he stoied in register circuits for future use. 

In a register circuit the coded information to be 
stoied is applied as input, is retained by memory 
el mcnls of the circuit and, when needed, the reg- 
isteied information is taken as output in the aame 
code or in a different code. Figure 12 emhodieb a 
register feme lion as well as a translating funetion. 
Register circuits ate devised with a great variety of 
memory elements, and have capacities to store from 
a few to millions of infuimation hits. 

A freciuently encountered form of register cir- 
cuit IS the shift register. This type of register has 
the ability to shift its stored digital information in- 
teinally to p^'«iiions representing higher or lower 
numerical values in the code employed. For exam- 
ple.^ in decimal code registration a digit mav be 
shifted from the units to the tens position. An ob- 
vious use of such registers is in digital computers 
when, for example, partial multiplication products 
have to be lined up for addition. 

Counting circuits. One of the most frequently en- 
countered circuits in switching systems is the 
counting circuit whose function, in general, is to 
detect ancT count repeated current or voltage 
pulses which represent incoming information (see 
Counting circuit ) . \j .mz.] 

Bibliography \ S. H. Caldwell, Switching Circuits 
and Logical Design^ 1958; W. Keister, A. E. Ritchie, 
and S. H. Washburn* The Design of Switching (Sf- 
cuits, 1951 ; M. Phister, Logical Design of DigHtal 
Computers^ 1958. 
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Switching systems (communications) 

The aasemblies of switching and control devices 
provided so that any station in a communications 
system may be connected as desired with any other 
station. In telephone practice, switching centers are 
known as central offices. See Telkphone service. 

Numbering plan. In an automatic telephone 
system, a numbering plan must be developed 
which provides for uniquely identifying every main 
telephone station so that calls may be directed to 
it. The American system is based on a decimal 
digit input. (When letters appear on the dial, the 
telephone system recognizes not the letters but the 
numerals associated with the letters.) 

A telephone central office customarily has the 
rapacity to serve 10,000 main stations, using the 
number series 0000-9999. When a town requires 
more than 10,000 main telephones, more than one 
central office is provided. Each office is given a 
separate designation. Three numerical digit*- 
generally identify the central office, although word 
names and word names plus a numerical digit have 
been used. The minimum requirement is for an 
adequate number of digits oi iharacters in each 
number to provide for each main station in the 
dialing area. The central offiie designations are 
known as central office codes. The switching eqiiip- 
ment needs to consider only the central office « ode 
in ordei to diiect a call to the proper office. When 
the called office is reached, the main telephone 
wanted is determined from the last h»ur iiiimerdls. 

A 7-digit numbering jdan has adequate capac itv 
for only a small poitioii of the telephones in North 
America. Hence, a geographical aiea. such as a 
stale or a Canadian province, is selected as a num- 
bering plan area (NPA), within which there are 
no duplications of numbers. Populous states with 


large numbers of central offices are 
two or more numbering plan areas. 

Each numbering plan area is given a 3-digit Np* 
code, the middle digit of which is usually a 1 o n 
Examples are 703 for the state of Virginia it 
415 for the portion of California that include 
San Francisco, as shown in Fig. 1. In dialing th^ 
number of a subscriber outside the local or home 
numbering plan area, the area code is dialed 
ahead of the 7-digit number. For example, a Mib 
scriber or operator in Asbury Park, N.J„ 
ing to dial 421-9000 in San Francisco would 
dial the area code 415 followed by 421-9000. Fron, i 
any other numbering plan area, the dialing vvould 
be identical to reach the 421-9000 number, excjpi ! 
from within the 415 area,-;, where only the seven ■ 
digits of the telephone number need be dialed 
With this plan the equipment uses, fiist, the \P\ 
code to determine which NPA area is desired 
scM ond, the cential office c’ode to select the oftfe ir 
that area; and thiid. the main telephone numiiei ' 
to determine the paiticular telephone being callrd \ 
This service is known as direct distance dialir ' 

(ODD). 

In addition to central office and aiea lodes. rod* 
numbers are used for special scivijes. such ds()in 
reach the opeiator, 411 foi information, and 61 1 
foi the repail desk. 

Switching system fundamentals. Switdun"^- 

terns peilorm thiee basic fiimtions: ihcv ill < 
tdblish the connection through the switching thi 
woik used duiing the mine call foi convcisalnm i 
(2) tiansmit ^gnals to convey thiough the s\-kii« ' 
the identity of the called, and sometimes the tall ! 
ing, number, and (3) control the pioc essing of tin 
signal in formation to establish the switc’hing 
work connection. 

In manual switching systems the jacks and i»lu. 



Fig. 1 . Numbering plan areas with codes. 
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2 Traffic service position 


uiids form the '^witching network the lif?ht 
III. of Idiup^ and \eil)al leqiiesis hv ihf user are 
til ^itSnilinf; and iht o|)erdl(»r the (onlrol In 
il tin oldi st method of swilrhinj? lamps and 
I irk*- foi tMch line, are mounted m the central 
fti • in I swjichhoaid These line appearances aie 
nmeted hv plug ended cords, to which an op 
Mlors headset is connected so that she can rc 
i'» urhallv the called miinber Tack appear 
ntt-. aie also provided foi interofhc e trunks foi 
I ii»I( tion of calls to distant olFirts 
riicK arc two general afiplic ations for s^v itching 
' Inns local switching systems foi calls within a 
It' or town and toll switching syslcmis for calls 
* t^cen cities or towns Generally, manual switch 
'V s> sterns are used at PBXs and foi handling 
‘Hsiinct and special classes of calls Cord, plug 
lack switchboards are disappearing rapidlv 
are being replaced by cordless switchboards 


vvheie calls are distributed automatically to opera- 
tois who are provided with keys and lamps to aid 
them in the handling of calls higure 2 shows a 
cordless tiaftic seivice position used for the com- 
jiletion of ppison to pc rson, credit card, and coin 
toll c alls 

Crossbar systems. Most switching today is per- 
formed by elertrornec hanic dl systems The cross- 
bar switch shown in Fig 3 is the basic switching 
liitwoik element ol modem elertrornec haiiii al 
systems Tt consists of ]()() or 200 contac^t sets, 
known as rosspoints Fach crosspoint may have 
from 3 to 0 pairs of contacts The individual cross- 
points are operated b\ interposing a flexible 
sc led finger, moved by the rotation of a hon/onlal 
bar between the contact set and the armature of a 
VC rlical hold magnet The horizontal bar with a 
hutlerflv shaped armature is located between two 
contact sets and is rotated through a small arc 
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either npwwtd or downward by energizing either 
of two eleotromagneta which act on half of the 
armature* Once the horizontal bar and fingers 
move into position, the magnet is energized to close 
the crosspoint contacts. The flexible finger is held 
interposed between the operated vertical armature 
and contacts when the horizontal magnet is de- 
energized. Contact sets associated with other verti- 
cal magnets may then be actuated. 

The switch contacts are generally wired by 
multiplying the contact pairs horizontally and ver- 
tically. A switch with 20 verticals and 10 horizon- 
tals (see Fig. 4) could be used to connect any one 
of 20 lines with any of 10 trunks. Several calls 
may be in progress through the switch at the same 
time although they are set up sequentially. 

A method of using the crossbar switch to obtain 
greater trunking access is shown in Fig. 5. Here 10 
switches are used as primary switches and another 
10 as secondary switches. The 10 horizontals of a 
particular switch on the primary bay are wired to 
one horizontal on each of the 10 switches in the 
secondary bay. The other nine switches are simi- 
larly wired to other horizontals on the secondary 
bay, providing an arrangement in which any one of 
200 vertical paths on the primary bay may be con- 
nected to any of the 200 verticals on the secondary 
bay by operating the proper primary and secondary 
crosspoints. Variations of this basic scheme are 
possible, giving different trunking arrangements. 

Connections in a crossbar system are controlled 
by an assembly of many relays known as a marker. 
The time required to set up a connection is short, 
and consequently a small number of markers and 
other common control equipment are sufficient to 
handle the calls even at high calling rates. 

The American crossbar system is unlike the pre- 
vious dial systems (the panel type or the step-bv- 
atep type) in which the switches are set up one 
after another. When a call is originated in a cross- 
bar office, the location of the calling line in the 
switches is marked. The location of the called line 
or outgoing trunk to another office is al&o marked. 
The marker then selects an idle talking channel 
through the crossbar switches to interconnect the 
marked points and causes all contacts in this chan- 
nel to be closed simultaneously. The channel is held 
busy for the duration of the call. 

Also, unlike previous dial systems, the marker of 
the crossbar systems is arranged to look at alter- 
nate routes to the called office in case all trunks of 



Fig* 4. Arrongement of crosipotiifs on croabar 
twUeh. 



Fig. 5. Primary-secondary trunking arrongement. 


the first-choice route are busy. The crossbar circuits, 
are designed so that the marker can detect certain 
trouble conditions in the offh^e and make a second 
trial over other circuits to complete the calls A 
record of the trouble and its probable location 
made for the maintenance people. 

No, 5 crossbar switching system. The latest form 
of crossbar equipment for local central office use is 
the No. 5 crossbar system. Although local switch 
ing is its primary use, it can be adapted for switch 
ing toll lines and tandem trunks where there are not 
enough such lines or trunks to justify separate toll 
or tandem switching systems. 

The switching network of this system comp^Isp^ 
two primary-secondary arrangements, first, the 
line link (LL) frames on which the telephone lit^ 
appear and, second, the trunk link (Tl) frames 
on which the trunks appear A switching entit\ 
may grow to a maximum of 60 LL and 30 II 
flames. Each dTX frame is interconnected lulh 
every TL frame by a network of tie lines nr 
junctors. Each LL frame has a basic capacitx tor 
290 tclcf^hone lines and may be supplement d 
in 50-line inciements to a maximum of 590 lim- 
The size used in a particular office depends upon 
the line calling rate and holding time. 

Figure 6 is a diagram of the trunking plan for a 
No. 5 crossbar office. When a call is originated 
the dial-tone marker causes the calling telephoin* 
to be connected through the LL and TL frame*' to 
an iille originating register. The register iken 
places dial tone on the line as an indication fot 
the customer to begin dialing. When the compk*^ 
called number is dialed, a completing markei i- 
chosen to establish a connection. The compk^*”^^ 
marker examines the first three or six digits 
plus central office codes) to determine if the ca 
is for completion within the office, to another l^J 
office, or to a toll office in the DDD j 

the call is destined for the same office, the cal 
number, together with LL frame location of 1 ^ 
calling telephone, is transferred into it. 
pleting marker consults a number group to 
LL frame location of the called number. An i ^ 
intraoffice trunk and channels through the TL a® 
LL frames are chosen to interconnect these 
locations. Crosspoints arc closed and the ew ^ 
telephone is rung* The connection to the orip®* 
ing register is released in the process. . . ; 

If the call is to a telephone in another ' 
ing entity (local or toll), the completiw ^ 





fig. 6 . Diagram of trunking in No. 5 crossbar office. 


'clcrt'i an outgoing trunk to the called office. The tape. Automatic machines later decipher the per- 
falled number is transferred through the com- forations and transcribe the data to printed form, 
pkting marker into the outgoing sender. The out- Crossbar tandem switching system. This system 
jiving sender pulses forward the called number to is used for switching of local interoffice trunks, or 
the terminating point and relcase.s. uf intertoll trunks in a toll network. 

The No. ,5 crossbar system is able to intercom It also has two types of switching frames, trunk 
neet with all types of switching systems. It is ar- link frames and office link frames. There may be 20 

fanged to send out and receive different types of each served by a group of markers. This system has 

‘ignals — multi frequency pulses between No. 5 capacity for a maximum of 3200 incoming and 4000 

Tusshar offices, dial pulses to and from offices outgoing trunks. Supplementary frames may in- 

“‘'■•'g step-by-step equipment, revertive pulses crease these to 6400 and 6000, respectively, 

fw panel and No. 1 crossbar offices, and call-in- Figure 7 shows the trunking plan, which is simi- 
dicator pulses to manual offices. lar to those of the other crossbar systems. The 

A call originating in some other office for a num- functions of the sender and marker gre also the 
in the crossbar office reaches the office over same, 
fo incoming trunk to which an incoming register Centralized automatic message accounting 
temporarily connected. The called number is (CAMA) has been applied to the tandem equip- 

pulsed from the originating office into the register. ment. The CAMA equipment is similar to the AMA 

register associates itself with' a completing equipment used in No. 5 crossbar offices. The calling 

“arker which, with the help of the number group, telephone may be identified automatically by equip- 

^lecis and closes the channels through the TL and ment in the local office and this number pulsed 

'•L frames to the called telephone. over the trunk to the tandem office sender. Where 

An important feature of the systimi is the method local offij^s are not so arranged, an operator is 

recording the calls for billing purposes. This momentarily connected at the tandem office to adc‘ 

®«l>od is known as automatic message accoun^g the calling party for his number and to key-pulse 

(AMA) and consists of perforating the data on a it into the sender. 

*in. paper tape. On culU to the local area where No, *A toll crossbar switching system. This;Bys- 
• message-unit basis of gburgin g applies, only the tern is commonly used in the completion of i toll 

telephone and the number of message units calls between distant citftM. It is a tneans^ fox 

®^forated on the tape. For toll calls, the calling mechanizing the handling of toll oaHs. i 

^ called numbeirs, answering and disconnect Figure 8 4iows a typifal arrangemett ^?1he 
(from which the length of conversation is switching system with a Np. 4A toll croasbaz pjffiee 

*=omputed) and other data are jperforated on the in each of two cities,. It alio dhowi.*at the 
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Fig. 7. Diagram of crossbar tandem switching system. 


ing point two methods of placing calls from the 
calling telephone: (1) that in which the call is 
routed through the local ofhce to an operator who 
dials the call at the outward switchboard, and (2) 


that in which the calling telephone ia ger^j i 
local office with DDD service. In (2) the * 
customer dials the call directly. ' 

The 4A crossbar system also has two main n ■ 
mary-secondary switching frames. Incoming tn^' 
from originaUng points appear on the inconin 
link frame, and the outgoing trunks leave from th* 
outgoing link frames. A particular entity may hav' 
a maximum of 40 frames of each type, serving ■' 
many as 8000 incoming trunks and 12,000 outgoing 
trunks. Tlie number of terminations may be doubled 
by adding a second set of markers. There is (uU 
flexibility for any incoming trunk to be connected 
to any outgoing trunk. 

A call arriving at the Np. 4 crossbar office in 
city A. either from an opera'V or from a customer 
in an office with DDD service, appears at the in- 
coming trunk and is connected to an incoming 
sender, into which the called telephone number (7 
or 10 digits) is pulsed. The decoder determine^ 
the routing of the call from this number and con- 
nects to an idle marker, passing the routing in- 
formation to it. The marker closes through llic 
channel to interconnect the incoming trunk with 
the outgoing trunk, which in Fig. 8 is to another 
4A crossbar office in city B. The call arriving at 
city B is handled in the same manner as at city A, 
the 7-digit number being pulsed from the sender in 
A to the sender in B. Tlie decoder in B determin* 
the routing and completes the connection to the 
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|(KaI office, which in turn sets up the connection to 

the I ailed telephone. 

An important feature of the No. 4A toll crossbar 
rt-im it* ability to pick an alternate route if the 
Srst-choice route between cities A and B has no idle 
Mil Ime** For example, a route from city A to city 
C tu city B may be selected if no direct trunk to 
uf? B J* available. Several such alternate routes 
be looked at, and a call may be routed through 
,everal switching points before reaching the termi- 
nating toll center. The use of this plan makes for 
^ood ^r\ice and economical trunking since, if one 
route is busy, there is a good possibility that a toll 
],ne in some other route may be idle. 

The toll switching system in cities B and C need 
not be of the No. 4A crossbar type. They fre- 
quently are of the step-by-step type, the crosbbar 
tandem l> pe or, for small offices, the No. 5 crossbar 
t\|>e The No 4A equipment is capable of sending 
pul^^es of the required type to operate the switches 
in the \arious switching centers It can also delete 
digit'* 01 add digits to the called telephone number 
jsifqiiiied to operate the various switches. 

\s (untrasted with most local and tandem 
<\s\U lung s\‘^lcms, all No. 4 A and some installations 
(i the No .5 crossbar systems arc arranged for 
•oiirwirc switching. In these systems, the voice is 
» inipj o\pr one pair of wires m one direction, 
111(1 aiiothei pair of wires carries the voice in the 
iposiu dnection. 

Step-by-step switching system. A system em- 

ploMiig a step-bv-step switch is described below. 

The step by-step switch, as used in the United 
States and Canada, was invented by Almon B. 
Mrowger It is a two-motion switch (Fig. 9), con- 
Msting of a shaft which can be driven step-by-step 
in a \ertual direction and subsequently can be 
muved stf p-bv-step in a rotary direction. From one 


ten steps can be taken in either direction. At- 
taihed to the shaft are a set of brushes, or wip 
•‘r** which make contact with the associated semi- 
‘>lindrical bank terminals. Vertical and rotary 
magnets are provided to step the shaft by means 
a pawl mechanism. A release magnet is also 
pro\ided to cause the switch to return to the nor- 
mii position at the conclusion of the call. Several 


I’elavs to control its operation are also part of the 
"Mfiteh mounting. 

Each, bank consists of 100 sets of terminals ar- 
*^*aged in 10 rows or levels with 10 sets of terminals 
m each row. The terminals are in the arc of a circle 
when the switch is mounted over the bank, the 
j<*nter of the cylinder is coincident with the center 
me of the shaft. By lengthening the shaft and pro- 
‘'ming additional brushes and banks, the switch 
-an accommodate 200 or more sets of terminals. 

The switches are of three main types, line find- 
selectors, and connectors. The line iinder is 
^fanged to step vertically under its own control 
a the proper level and then step in the rotary 
^^^setion until it reaches the line that is request- 
' selector is arranged to step verti- 

in response to pulses dialed into it and then 
into the bank until it reaches an idle trunk 
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on that level. The connector is arranged to step in 
both the vertical and rotary directions in response 
to pulses dialed into it. 

Since most central offices are arranged for a 
maximum of 10,000 main telephones, 4-digit num- 
bers can be used to identify them. A switching sys- 
tem for this number of telephones consists of line 
finders, two selector stages, and connectors. The 
first two digits of a number actuate the first and 
second selectors, and the last two digits operate a 
connector. This type of switching system is ade- 
quate for single-office towns. These are often known 
as community dial offices (CDO). 

If the office is one of a small group, another 
selector stage is added and 5-digit numbers are 
employed in the switching system. As many as eight 
offices can be in such a network, the digits 1 and 0 
not being available for office selection since they 
are normally used for other purposes. 

Many step-by-step central offices are in still 
larger areas or are arranged for nationwide dial- 
ing. Hence, 7-digit numbers are uscmI and five selec- 
tor stages are employed. Figure 10 shows such a 
switching system. All available levels in such a sys- 
tem may not always be needed. To avoid the ex- 
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Fig. 10. Diagram of 7-digit stop-by-step switching system. 


pense of completely equipping unneeded selector 
stages, these selectors may be arranged for digit- 
absorbing, that is, for absorbing the digit pulsed 
without any connection being made through the 
switch. By so doing, the 7-digit niimbeiing plan ma> 
be piescivcd without pioviding seleitors for the 
codes not in use. 

The arrangement just desciihed is directly con- 
trolled by the pulses dialed by the subsdiber. To 
obtain flexibility in opeidtion, regisler-senders 
(called directors in England ) such as found in 
crossbar systems are used. This equipment reg- 
isters the digits dialed by the customer and pulses 
the same or other (substituted) digits foiward to 
operate the switches. The routing plan is thereby 
divorced from the numbering plan. To secure more 
economical trunking, a call ma\ be routed through 
a tandem ofiBce by the pulsing of additional dig- 
its. Conversely, where switches are not needed 
for routing purposes, certain pulses may be de- 
leted and the cost of the switches saved. The 
register-sender may be used for alternate routing 
and for providing a number of other features, such 
as special routings for certain classes of subscrib- 
ers. The step-by-step system with registers also lends 
itself to the provision of automatic tickling or 
AMA equipment, permitting subscribers to dial 
their short- and long-haul toll calls without the 
assistance of operators. 

Otbar swftching systems. Both the step-by-step 
system, which is the most common system in use 
throughout the world, and the crossbar system are 
made bv a number of different manufacturers. Also 
a number of other systems are In wide use, basi- 


cally the same in purpose, but using different type-^ 
of equipment Md circuit arrangements. A single 
motion rotary Switch or uniselector is sometime*' 
used in place of the two-motion switch. One manu 
factiirer of crossbar systems for small office's usp*. 
an arrangement in which the crossbar switches are 
operated by direct control, that is one after another 
a*, in the step-by-step system. 

Panel system. This system has been used maInl^ 
in the largest cities of the United States. It i** a 
common control system in which the selectors are 
power-driven upward to select a trunk or line and 
downward to return the selector to normal at the 
conclusion of the call. The terminals of the trunk« 
and lines aie located in vertical panels. Each panel 
on the intermediate and final selector frames ha^ 
100 sets of terminals, and there are five panels on 
each frame. As a selector is driven upward, pube** 
are sent back from the selector to the sender m 
the office in which the call originates. This sender 
counts the pulses sent back and, when enough ha\e 
been counted to reach the desired terminal, the up 
ward motion of the selector is stoppied. Each 1»*^ 
finder frame has 10 panels of 40 terminals, accom 
modating 400 lines per frame. 

Rotary system. This system, which is 
power-driven common control system, is 
mainly in Europe and in South and Centr* 
America. The switches are of the unidifcction* 
rotary type. Line finders may be of either lOf^ 
200-point capacity. Croup selectors are usually 3^ 
point, while final selectors are 200-poii>t» 
in one of the systems 100-point rotary 
are used throughout. Pulses ^are ^fsed ^ 


I the switching functions as in the panel system. 

system. Made by manufacturers in Europe 
A ihc United States, the XY system employs 
*** lOO-point, two-motion switch operated by 
magnets- The switch is flat, and the first or X 
motion is in a horizontal plane and to the right. 

second or Y motion is also horizontal, but at 
nght angles to the first, and carries the brushes 
mio the bank assembly. The system is directly con- 
trolled by pulses from the subscriber's dial; the 
«iv Itches are operated one after another as in 
the step-by-step manner. The flat construction of 
the switch permits the switches to be stacked one 
on top of another on the frames, thereby facilitat- 
ing multiple wiring of the banks. 

Ericsson 500-line system. This is a power-driven 
utilizing a flat-type switch which is driven 
hrM in a rotary direction to one of 2S positions and 
then in a radial direction to one of 20 sets of termi- 
nals Thus it has access to 500 sets of terminals. 

Fltftronic snitching. All switching systems are 
mfiumation-processing machines with switching 
mivvorks Electronic switching svstems are being 
phiied into (ominercial service, their potential 
htumg been proved by the design and construction 
of numerous trial models. In these systems the 
nfuimation processing, or contiol of the system, 
I** duomplished with electronic circuits. These 
• luiiit*' are at least a thousand times faster than 
ilh elec tiornechanical apparatus used in switches 
ind rnaikeis. Therefore, they are able to serve 
iijiiv lilies even though they perform only one 
'onfrol function at a time. Dialed and other pulsed 
lumbers leaching the central office are assembled 
1 pulse at a time in a portion of an electronic 
iiimoiv associated with a line, trunk, or register, 
lo pulse out of the office, the reverse procedure is 
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followed, and this requires the distribution of 
pulses to the proper trunk or sender. In this way, 
the control portion of the system functions, exam- 
ining the status of each call in the network every 
few milliseconds, making decisions, and taking ac- 
tion on different portions of each call as required. 

In some electronic systems the control informa- 
tion is stored in the memory in a coded form known 
as a program. This information determines exactly 
how the system will process the telephone calls. 
Since it is changed infrequently, the program and 
routing information may be stored in a memory 
separate from the one used for assembling pulses. 

Electronic processing of switching information 
also permits the introduction of electronic tech- 
niques into the network portion of the system. One 
method uses sealed contact relays in arrays similar 
to the contacts on the crossbar switch. Electronic 
controls for frames of these switches facilitate the 
coupling of the crosspoint relay circuits with the 
electronic information-processing equipment. In 
othei systems the talking path may pass through 
crosspoints using semiconductor electronic gating 
elements in place of the sealed relays. 

In another method semiconductor crosspoints 
connect the calling and called lines momentarily, 
sampling the amplitude of the speech signals. By 
sampling at rates about 8000 times per second, 
satisfactory transmission between these lines may 
be achieved. Other gates may be actuated so that 
samples of other calls may be interleaved to use a 
common bus. This type of electronic switching net- 
work is known as a time-division switching network 
(Fig. 11). The call information for controlling this 
network is stored in an electronic memory and is 
liiterrugated 8000 times per second for each call. 
See TfcLLPHONY. [a. E. JOEL, JR,] 

Bibliography: Froc. Inst. Elec. Engrs. (Lon- 
don), Pt. B, SuppL, 107, 1%0. 

Switching theory 

The theory of circuits made up of ideal digital de- 
vices. Included are the theory of circuits and net- 
works for telephone switching, digital computing, 
digital control, and data processing. 

Switching theory generally is concerned with cir- 
cuits made of devices or elements that can be in 
twtf or more discrete conditions or states. Examples 
of such devices are switches or relay contacts, which 
can be opened or closed, rectifying diodes, which 
can be either forward- oi back-biased, switching 
tubes or transistors, which can be saturated or cut 
off, and magnetic cores, which can be magnetized 
to saturation in either of two directions. Switching 
theory establishes an ideal representation of the' 
digital circuit, examines the properties of the rep- 
resentation, then interprets these as properties of 
the circuit. Switching Aeory is not concerned with 
the physical phenomena of action or stability In a 
particular condition or with the details of transi- 
tion from one state to another. It takes theep as 
established and proceeds to examine more or less 
complex combinations ol digital devices wliose 
properties are assumed to be ideal, • 
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The butt of switching theory is concerned with 
drottits made of Innary (two*valued) devices, 
since these are most common. Switching theory can 
be based in part on mathematical logic. See 
LEAN ALGEBRA for a Convenient set of concepts Md 
manipulations for the study of certain switching 

problems. , , 

A switching circuit whose outputs are determined 
only by the concurrent inputs is called a combing 
tional circuit (or logic circuit). A circuit in which 
outputs at one time may be affected by inputs at a 
previous time is called a sequential circuit. 

Combinational circuita. A rule by which the out- 
puts of a combinational circuit can be determined 
from its inputs is called a switching function. Since 
the variables are discrete, a switching function may 
be expressed in tabular form as a truth table, or 
may be indicated by a diagram or geometric pat- 
tern. If the function and variables are binary, the 
symbols 1 and 0 are commonly used to represent 
the two values. The function may then be repre- 
sented by a Boolean algebraic expression. The two 
values of a switching function can represent closed 
and open circuits, as for switches or relay contacts, 
or high and low or plus and minus voltages, as in 
electronic circuits. 

The simplest combinational switching functions 
arc the not function, the and function, and the or 
function. The not function is designated by the 
prime in Boolean algebra; Y ^ means that Y 
is closed (high, plus) when X is open (low, minus), 
and vice versa. The and function is designated by 
the Boolean product; Z - X • Y means that Z is 
closed (high, plus) only if both X and Y are closed 
The OR function is designated by the Boolean sum : 
Z ^ X + Y means that Z is closed if either X or Y 
or both are closed. All other combinational switch- 
ing functions can be made b> combining these ele- 
mentary building blocks. 




Fig. 1. Combinational circuit, r - Z^(X+ Y). X and 
Y ore normally open contacts. Is a normally closed 
contact. 


For example, Fig. 1 shows a switching circuit 
with three switches, or contacts, X, Y, and Z', each 
of which can be either open or closed. These can 
be thought of as input variables. The circuit aa a 
whole will be open or closed depending upon the in. 
dividual positions oi X, Y, and Z'. Its condition 
can be designated by IT, an output variable. Let 
0 represent the open condition, and 1 the closed 
condition. The table in Fig. 1 represents the switch 
ing function of the circuit. The Boolean expression 
for this function is IT = Z'(X + Y). To interpret 
this expression the rules of simple Boolean algebra 
must be used. 

0 + 0 = 0 0-0 = 0 O'*! 

0+1 = 1 0-1 = 0 l ' = 0 

1 + 0 - 1 1-0 = 0 

1 +.1 - 1 1 - 1-1 

Switching theory establishes a number of meth 
ods for analysis and synthesis of combinational ur 
cuits. A significant problem is minimization, that 
is, given a switching function, to synthesize the 
simplest circuit which will realize it. A problem of 
some theoretical difficulty is that of realizabilit\ 
that is, given a statement of specifications, to d*^ 
termine whether a switching circuit exists whuh 
satisfies them. 

Analysis of a series-parallel combination of 
switches or relay contacts can be carried out b> a 
direct application of Boolean jlgebra. Variable^ or 
terms corresponding to contacts, or combination'* 
in parallel, are added, and those in seiies are mul 
tiplied. The values are interpreted according to the 
rules of Boolean algebra. Similar methods can he 
applied to combinational circuits which emplov 
diode rectifiers, vacuum tubes, or transistors. Cir 
cuits that are not series-parallel can be dealt with 
by an extension of the Boolean method, by the 
of matrices with discrete-valued elements, or b> a 
number of special methods. 

A switching function can be simply synthesized 
as a series- parallel combination of contacts by gi' 
ing Boolean symbols circuit interpretationb ex 
plained previously. Electronic logic circuits can be 
synthesized in a similar fashion. This approach will 
lead to a method for embodying any switching funr 
tion expressed in Boolean terms. The Boolean ex 
pression of a function given in tabular or diagram 
matic form is easily obtained. 

Synthesizing the minimal circuit, or ininimiza 
tion, is more difficult since for every switching func 
tion there are many possible circuits. Where t e 
number of variables is small, the minimization 
problem can often be reduced to one that has a 
ready been solved. Tables of minimal or near> 
minimal solutions for relay circuits and vacuum 
tube circuits are available for circuits with 
put and as many as four inputs. Harvard c a 
methods and Karnaugh map methods utilize g 
metrical relationships to explore systematica^^ 
functions with one output and as many as bi % 
puts. . 

As the number of variables increases, the 
ble number of functions rapidly becomes large. 




xamplc* there are more than lO^® different func- 
lions ot six binary variables. No completely gen- 
eral and practical design methods have been found. 
However, a growing array of special methods for 
and minimization is available. 

^ SaQt^^*****^ circuits. Since the outputs of sequen- 
tial circuits depend on past, as well as present, in- 
putsi they must contain means for remembering or 
storing the effect of past inputs, such as locking 
relays, flip-flops» delay lines, or magnetic cores. A 
device with two stable states can remember one bi- 
nary digit, or bit. The amount of memory in a cir- 
lUit can be measured either in bits or in internal 
states. An internal state of a circuit is a particular 
onhguration of its internal memory devices. The 
number of internal states is equal to 2", where n 
IS Its number of bits. Binary counters and shift reg- 
i^iers are examples of sequential circuits. 



hg 2 Sequential circuit with two memory loops. 

It N possible to represent a sequential circuit as 
romhinational circuit with feedback. Thus, the 
< ombinational circuit of Fig. 2 becomes a sequen- 
tial circuit with two bits of memory if two of its 
outputs are connected to two of its inputs. Any 
•'Ui h closed loop must contain gain and some delay ; 
‘'ometimes additional delay is inserted. 

H the combinational circuit and the delays in 
2 are completely specified, th^i internal de- 
‘’‘ription of the circuit is known and its behavior 
be analyzed. If the switching function of the 
combinational circuit is such that mi =* Mi and 
^ ^ Ml for a given set of inputs, no change can 
ur as a result of the action of the memory loops 
the circuit is stable ; otherwise, it is unjstable. 
is unstable, the inputs must cause a transition 
^0 a new state, which in turn may be stable or un- 
‘^Iftble. If stable state is reached, the circuit is 
to buzz. If the state to which a circuit may 
pass depends on which of two or more memory 
acts first, the circuit is said to have a race 
and its performance may be ambiguous, 
difieulty does not occur in circuits in which 
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changes are caused or timed by repetitive clock 
pulses. Such circuits are called synchronous, Cir* 
cults which make transitions at the natural internal 
rate are known as asynchronous, and must be de- 
signed with greater care. 

To proceed from external circuit requirements to 
an internal description of a sequential circuit may 
require art and skill, as well as knowledge of 
witching theory. See Data processing systems; 
Digital compuier; Samplld-data (ontrol s\s- 
TEM; Switching circuit; Switching systems 
( rOMMTlNICATIONS) . Tw.D.L.] 

Bibliography I H, H. Aiken et al.. Synthesis of 
Electronic Computing and Control Circuits, 1951; 
S. H. C.aldwell, Switching C i cults and Logical De- 
sign, 1958: J. T. Culbertson, Mathematics and 
Logic for Digital Devices 1958; R. A. Higonnet 
and R. A. Grea, The Logical Design of Electrical 
Circuits, 1958; W. Keistei, A. E. Ritchie, and S. H. 
Washburn, The Design of Switching Circuits, 1951. 

Switching tubes 

There are a laige numbei of tube<« which may be 
used for various switching purposes. lUually ordi- 
nary tubes can be used to perform this function, 
therefore only a relatively small number of special 
tubes are designed for this purpose Ordinary vac- 
uum tubes can be used to switch small amounts of 
current by simply applying a rapid change of volt- 
age to one of the control electrodes. For switching 
of larger lurrcnts, transmitting-type vacuum tubes 
capable of greater power dissipation are needed. 
Switching wHh vacuum tubes can be done al rapid 
rate, with the changes being effected in microsec- 
onds (jusec) or even hundredths of a microsecond. 

For switching of c urrents larger than several 
amperes (amp), it is generally necessary to make 
use of gas tubes, such as the thyratron and the 
ignitron (see Igniiron; Thyrairon). 

Signal-switching circuits are normally designed 
to make use of devices that can offer, on demand, 
either of two di-*crete values of ac resistance to the 
flow of signal current Because of simplicity and 
economy, the diode is widely used. It may take 
the form of a semiconductor or a \aruuci tube. The 
va^-uum diode offers a dynamic (ac) plate resist- 
ance of several thousand ohms when the anode is 
maintained positive relative to the cathode by 
means of a dc bias voltage. Upon reversal of this 
anode bias voltage, the ac resistance rises toward 
infinity. See Diode, vacuum. 

Where circuit problems and signal levels require 
isolation and amplification, the triode or multiele- 
ment vacuum tube may be employed in the same 
manner as the diode. See Triode, vacuum; Vac- 


w tube. _ , . . 

)f the specialized switching lubes several inter- 
ing types are on the market. One, the clectton- 
switching tube, employs a split anode and a 
of deflecting plates to deflect the electron J)cam 
m one anode to the other. The anode receWtog 
beam acta aa a cloaed anritch while the oAer 
» .8 an open switch. Switching times of less 
n 1 /tsec are possible. 
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Another high-vacttum switching tube is the mag- 
netron beam>switchitig tube, in which a series of 
anodes are equally spaced about a hot cathode. 
Auxiliary electrodes permit forming an electron 
beam from the cathode to one of the anodes. A 
rapid change in potential of one of the auxiliary 
electrodes will cause the beam to step or transfer 
to the next electrode, and so forth. A magnetic 
field coaxial with the cathode is employed to cause 
the beam to transfer. Tubes of this type are com- 
monly fitted with 10 anodes and function as high- 
speed, decade-counter tubes. 

Another type of counting-switching tube consists 
of a gas-filled diode containing 10 anodes arranged 
in a circle about a cold cathode. Auxiliary elec- 
trodes are provided between the anodes to facili- 
tate the transfer of a conducting glow discharge 
from one anode to another. A change in potential 
on one of the sets of electrodes or on the cathode 
will cause the glow discharge to move from one 
anode to the next, and so forth. Upon the tenth 
pulse the count would be back to the original 
anode. See Counter, digital; Counting circuit; 
Switching circuit. [k. r. spangknblrg | 

Sycamore 

American sycamore, Platanus occidentalism a mem- 
ber of the plane tree family, known also as Ameri- 
can plane tree, biittonball, or buttonwood, and rang- 
ing from southern Maine to Nebraska and south 
into Texas and northern Florida. Ordinarily this 
tree is 60-120 ft in height and has a trunk which 
is 2 5 ft in diameter. Individuals 140 ft tall and 
14 ft in diameter have been recorded. It has the 
most massive trunk of any American hardwood. 
Characteristic are the white patches which are ex- 
posed when outer layers of the bark slough off; 
the simple, large, lobed leaves, whose stalks com- 
pletely cover the conical winter buds; and the 
spherical fruit heads that are always borne singly 
in the American species and persist throughout the 
winter. The tough, coarse-grained wood is difficult 
to work, but is useful for butchers' blocks, saddle 
trees, vehicles, tobacco and cigar boxes, crates, 
and slack cooperage. The trees are usually scat- 
tered through the forest in moist soil. A rough 
estimate of the total stand is 3,000,000,000 board 



Sycamoras. (o) Amorlcon sycamore, Plafonus occ/den- 
falit. (b) London plane tree, PhfonvM ocertfo/io. (From 
A. H, Grovoe, Illustrated Guide to Trees and Shrubs, 
rev. ed^ Harper, 19S6) 


feet. The average annual cut is less than 50,000,00o 
board feet. 

London plane, P, acerifolia, is supposedly a hy. 
brid of P. occidentalU and P. orientalise and it 
one of the most desirable trees for planting in 
crowded cities because of its resistance to injury 
from gases, smoke, dust, and drought. It can be 
recognized by the usually three-lobed leaves resem 
bling those of a maple, and by the fruit balls home 
in groups of two or three. The sycamore of Europe 
is usually understood to be a maple, Acer pseudo- 
platanusm known also as the sycamore maple. ^See 
Forest and forestry; Rosales; Tree. 

[a. h. gravfs] 

Sycettida 

An order of calcareous sponges of the subcla^*; 
Calcaronea.>This order includes the families Syref 
tidae, Heteropiidae, Grantiidae, Amphoriscidae 
and Lelapiidae. Choanocytes occur in flagellater] 
chambers and the spongocoel is not lined with 
these cells. A distinct dermal membrane is piesem 
in all but the Sycettidae. The canal system is ^\c{) 
noid to leuconoid. Common genera are Sycetta, 
Heteropiam AmphoriscuSy Grantia, and Leucilla, Sie 
CaLCAREA. ff . B. ClJRllN^ 

Syenite 

A phaneritic (visibly crystalline) plutonic rotk 
with gianuldr texture composed largely of alkali 
feldspar (urthoclase, microcliiffe, usually perthitK i 
with subordinate plagioclase (oligoclase) and 
daik-colored (mafic) ininerals (biotite. amphiboh 
and pyioxene). If sodic plagioclase (oligorlanc or 
andesine) exceeds the quantity of alkali feldspar 
the rock is called monzonite. Monzonites are gen 
erally light to medium gray, but syenites are found 
in a wide variety of colors (gray, green, pink, icd) 
some of which make the material ideal for use as 
ornamental stone. 

Composition. Syenites may be classed as normal 
(calc-alkali) syenites or alkali syenites. In the lat 
ter the alkali feldspar and mafics are soda-rich In 
tergrowths of potash and soda feldspar (perthiiel 
are of various types and are strikingly developed 
Feldspar grains usually show fair crystal outlines 
(subhedral) or may be irregular (anhedral). Main 
are highly interlocking. Sanidlne occurs in some of 
the finer-grained varieties and in syenite porph>r> 
Normal syenites generally carry crystals of soda 
plagioclase (oligoclase) which are usually subhe 
dral and may be zoned (with calcic cores and 
sodic rims). Some alkali syenites contain discrete 
grains of albite. Plagioclase of monzonites may be 
as calcic as sodic andesine. 

Black flakes (microscopically brown) of biolitc 
mica and irregular to stubby prisms of green horn* 
blende are characteristic of normal syenite. Diop* 
sidic augite is the most common pyroxene and fre- 
quently forms cores within hornblende crystals. In 
alkali syenite the mafic minerals show wide varia- 
tion, Biotite is deeply colored and iron-rich. Am* 
phiboles are soda-rich (arfvedsonite, hastingsite, or 



riebcchite) and arc commonly zoned. Diopsidic 
and titanium-rich augite crystals are commonly en- 
cased by shells of aegerine-augite and aegerite. 

Minor constituents may include quartz which is 
equally interstitial. When present in amounts be- 
tween 5 and 10%, the rock is called quartz syenite; 
jn excess of this amount, the rock becomes a gran- 
ite. Small quantities of feldspathoid (nepheline, 
Hodalite, or leucite) may be present; but if in ex- 
cess of 10%, the rock becomes a feldspathoidal 
!,yenite (nephiline syenite) . 

Accessory minerals include zircon, sphene. apa- 
tite. magnetite, and ilmenite. Accessories in special 
varieties of syenite include iron-rich olivine, corun- 
dum. fluorite, spinel, and garnet. 

Texture. The texture of syenite is most com- 
monlv even-grained. Very coarse or pegmatitic tex- 
tures are local. In some syenites numerous, rela- 
tively large crystals (phenocrysts) of alkali feld- 
«.par give the rock a porphyritic texture. These may 
be of early or late generation and may range from 
eiiliedral (well-formed crystals) to anhedral. They 
are particulatly abundant in the finer-grained va- 
rieties and in syenite prophyries. 

Structure. A variety of directive structures may 
be present. Banding and parallel, wavy streaks 
(s(lilieren) of different minerals are seen in some 
‘.venitcs; flow stnutures due to clustering and par- 
allel orientation of elongate minerals may be pres- 
ent Euhedral, tabular feldspar crystals in parallel 
dirangemcnt give the rock a distinctive appear- 
ame In some cases these directive features repre- 
sent effects of magma flow; in others they repre- 
sent vestigial bedding or foliation in inetasomatic 
()i riietamorphic rocks. 

Occurrence and origin. Syenite is an uncommon 
pbitonic rock and usually occurs in relatively small 
bodies (dikes, sills, stocks, and sn.all irregular plu- 
tons). Normal svenite may be assoi iated with mon- 
zniiiip, quartz syenite, and granite, whereas alkali 
syenites are associated with alkali gianites or fold- 
spathoidal rocks. 

Many syenites have crystallized directlv from 
syenitlc magma (rock melt); others may have 
foimed by reaction between magma of nonsyenitjc 
composition and abundant contaminating rock 
fragments. Still others may have formed metaso- 
matically as alkali-rich emanations, perhap - < 'scap- 
ing from deeply buried magmas, permeated rocks 
of special composition, and repjaced them with 
abundant alkali feldspar. See Icnlous rocks; 
Macma; Metamorphism; Meiasomaiism. 

\ C . A. CHAPMAN | 

Symballophone 

A double stethoscope for the comparison and later- 
alization of sounds, invented in 1937 liy W. J. 
Kerr and colleagues. This device makes use of the 
functions of the two ears in stereophonic healing, 
ffy means of two chest pieces and tubing leading 
sound waves from each chest piece to both ears, 
with tubing 15 cm longer to the opposite car, a 
lateralizfaig effect is achieved through illusion. The 
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human ear can perceive differences of only 
0.000032 sec, or the time required for soitad to 
travel only 1 cm. 

A symballophone permits the use of the re- 
markably acute functions of the two ears to com- 
pare the intensity and varying quality of sounds 
arising in the body or mechanical devices, and a 
more lasting mental registration can be perceived. 

Physicians have used this device profitably in 
connection with normal and abnormal sounds aris- 
ing in the body. lA)cation of the site and extent of 
pneumonic areas in the lungs, murmurs and ab- 
normal sounds in the heart and blood vessels, and 
roughening in the joints are readily located. Mur- 
murs in the blood vessels may be easily timed and 
their points of origin, direction and other quali- 
ties noted. See Biophysics. [w. j, kerb] 

Bibliography i 0. Glasser (ed.), Medical Physics, 
1944. 

Symmetrodonta 

The symmetrodonts have lieen found in the Jurassic 
of England, I ate Jurassic and Middle Cretaceous of 
North America, and Early Cretaceous of Manchu- 
ria. Long considered to be aberrant Iriconodonts, 
they are now recognized as a discrete order of 
small, carnivorous or insectivorous, primitive mam- 
mals. The symmetrodont molar consisted of three 
main cusps which in plan formed a triangle, with 
the largest cusp forming the apex and the two 
smaller cusps delimiting the base (see illustration ) . 
The teeth weie oriented so that the largest cusp of 
the upper molars was internal while the largest 
cusp of the lower molars was external. The long 
slendei jaw did not have a distinct angular process. 
See Trkonodonj A. 

The molars of the Jurassic amphiodontid sym- 
metrodonts are distinctly longer than wide and 
the terminal cusps are so small that functionally 
the tooth is monociispid. The molars of the Late 
Jurassic to Middle Cretaceous spalacotheriid sym- 
metrodonts are shorter, relative to the width, than 
those of the amphidontids, and the terminal cusps 
are much larger so that the tooth is fijnctionallY 
tru uspid. 

A ■■■ 

(o) (b) 

Lower molar of Tinodon, a tymmetrodont. (a) Infernal 
view, (b) Occlusal view. (After O. G. S/mpson, 1929) 

The oldest known symmetrodont probably hod a 
compound lower jaw simflar to the jaw of Mor- 
ganucodon (a docodont). Apparently the sttueture 
of the jaw was modified during the Jurassic, for the 
Late Jurassic and Cretaceous symmetrodMits did 
not have a double jaw articulation. Th«, early sym- 
metrodonts may have been the ancestors of the 

pantotheres.5eeDocoDOJ(TA: PANTOTHXna. 

[W. A, OUEMHNtS] 
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Symmetry laws (physics) 

The physical laws which are the expressions of the 
symmetries existing in the world. A conservation 
law results from each such symmetry; that is, 
from each symmetry the existence of a quantity 
which is conserved (a constant of the motion) can 
be deduced. Selection rules result from conserva- 
tion laws. Sec Sklection rules (physics); see 
also Nuclear reaction. 

Space-time symmetries. A symmetry (or in- 
variance) of the world exists whenever the de- 
scription of the laws of physics is unaffected by a 
change in the frame of reference (icc Frame of 
reference). For instance, the position of the ori- 
gin of a space coordinate system is quite arbitrary ; 
changing it makes no difference in the description 
of the motion of bodies because the forces between 
bodies depend only on their relative positions and 
not on any absolute position. Equivalently, this 
symmetry expresses itself in that a system of 
bodies behaves the same if translated to another 
place. This symmetry of space to translation im- 
plies the conservation of momentum. See Groiif 
theory; Lorentz transfokmations; Q'^antum 

THEORY, NONRELAlIVfSTK ; Ot^ANTUIVI TUFORY. 

RLLATivi.sTir; Relativity; Space-time. 

Other symmetries of space-time are evidenced 
by the irrelevance of (1) the origin of the time 
coordinate, (2) the orientation of a coordinate 
system in space, and (3) the velocilv of a coordi- 
nate system (Lorentz invariance). Each of these 
implies a con.servation law, as shown in the ac- 
companying table. All these symmetries are termed 
ct)ntiniious because the changes can be arbitrarily 
small ; that is, a finite change can be made bit by 
bit. The resulting constants of the motion are clas- 
sical quantities and are additive. 

Discrete symmetries (reflections) also exist, for 
which the irrelevant change is not arbitrarily small. 
They imply constants of the motion (parities) in 
quantum mechanics. These parities are multiplica- 
tive. See Parity (quantum mechanics). For in- 
stance, the direction of increasing time is ii relevant ; 
the world is invariant to time reversal (microscopic 
reversibility) . Although, macroscopically, future 
and past seem distinct, this is merely a result of the 
disposition of matter (a state of anomalously small 
entropy at some time in the past) in the same way 
that a point of space .seems distinct by having a 
particular piece of matter there. Space Is also sym- 
metrical to reflection of space or to inversion, the 
reflection of all three directions of space; it is ir- 
relevant which is the positive direction of a space 
axis or of all three axes. This amounts to the 
irrelevance of whether a right-handed or a left* 
handed coordinate system is used. The resulting 
conserved quantity (eigenvalue of space inversion) 
is (space) parity. Actually, the preceding state- 
ments about space inversion symmetry must be 
qualified. Although inversion symmetry is observed 
by the strong interactions (such as nuclear forces) 
and electromagnetic interactions, it is not observed 
by the weak interactions, such as decays of quasi- 


stable elementary particles, including j9-dccay. 
The description of a jS-decay event depends on the 
handedness of the coordinate system. 

Other symmetries. Besides space-time, there 
are further symmetries in the world. The zero of 
both scalar and vector electromagnetic potemialB 
is irrelevant; the addition of a constant to an elec- 
tromagnetic potential is of no consequence (so. 
called gauge invariance of the first kind). Thig 
symmetry implies the conservation of charge. A 
discrete symmetry can be described as follows; it 
is (nearly) irrelevant which sign of charge ig 
culled positive and which is called negative. The 
qualification “nearly” is necessary here, just as 
in space inversion, becau.se the weak interactiung 
do not observe the symmetry. Thus the world is 
(nearly) invariant to charge reversal, the inter- 
change of positive and negative charge. At first 
sight this symmetry appears not to exist because 
one can distinguish positive charge as that whirh 
is carried by the heavy constituent of matter, the 
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proton, wherea<4 negative charge is that carried by 
the light constituent, the electron. However, anti- 
pi otons (negatively charged protons) and anti- 
electrons (positrons) exist, and a world with 
(nearly) the same properties as ours would result 
if all electrons were replaced with positrons and 
all protons by antiprotons and, in general, if all 
particles were replaced by their antiparticles (the 
operation of charge conjugation). The resulting 
(nearly) conserved quantity is termed charge con- 
ingation parity, or charge parity, C. More pre- 
usciy, charge parity is the eigenvalue of the opera- 
tor of charge reversal. A system can he in an 
eigenstate of charge reversal only if it goes into 
i^clf under the operation, in other words, if it is 
sell charge conjugate. Such a system must he ctun- 
plctclv neutral, having no electric oi magnetic 
nioinents; in fact, it must have no internal quantum 
iMinibeis of any kind that change sign under chaigc 
lonjiigalion. Among the eleincnlarv particles this 
IS true only of the neiitial tt meson, the iiholon, 
and the giaviton; the it ('haige parities arc the 
clidige patities of theii sources, 4-1, —1. and 41, 
lesppctivelv. A self-charge roniugate system of 
some interest is ]iositronium, a hound stale of an 
cleition and a positron; it has C - ( — )''^^ in a 
stale of orbital ungulai nionienfiim / and spin s 
(s = 0oi 1). .See Antiproion; Eliminiarypar- 

1 1 ; Fosiironu m ; Poifntials (physics). 

(.PT theorem. The reflection symmetries are cor- 
related hy the so-called LPT theorem of (t 1 uders. 
This theorem states that a I orenlz invariant field 
tlipoiy is necessarily invariant to the product of 
the three reflections: charge conjugation C. space 
inversion P, and time reversal T. Experimentally, 
It appears that the world (even including the weak 
interactions) is invariant to lime reversal T and 
also to the product of charge conjugal.. m and 
space inversion (CP, or combined inversion) to a 
high degree of accuracy. However, sii was found in 
1954 that the A 2 ^-nieson decays in a small number 
nf cases into two 7 r-mesons. The existence of this 
decay appears to imply a violation of CP invari- 
ance in weak interactions. On the other hand, the 
decay might be due to a very weak long-range 
interaction of the K-meson with surrounding mat- 
ter. See Meson. 

Invariance of nuclear forces. The nuclear force 
between two protons is known to be identical to 
Ae force between two neutrons (charge symme- 
l^>). This means that nuclear forces are invariant 

the interchange of protons and neutrons. More 
generally, the nuclear-force mesons (Tr-mesons) 
are to be interchanged also; this charge symmetry 
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operation is p^n, 7ra4->ir®. The com* 

bination of charge conjugation and Ae charge 
symmetry operation is called isotopic inveraion, 
C, and carries each 7 r-meson into itself; the ir- 
meson thus has a G parity. 

Further, the nuclear force between a neutron 
and a proton is identical to the force between two 
protons or two neutrons in the same orbital and 
spin stale (chaige independence). See Nuclear 

STRIK IURK; SCATTERING EXPERIMENTS, NUCLEAR. 

Isotopic spin. The foreg<»iiig symmetry can be 
expressed as the isotropy of a three-dimensional 
“isotopic space,** which implies the conservation of 
'^angular momentum,*' or isotopic spin I, in this 
*'pace. The component of a particle’s isotopic spin 
along the “third** axis / < is related linearly to the 
charge of the particle. The consequences of charge 
in<iependence are formallv very similar to the con- 
sequences of the conservation of angular momen- 
tum, except that nothing here corresponds to or- 
Iiitdl angular momentum. 

Tn terms of isotopic spin, the charge symmetry 
operation is a special lotation in isotopic spin 
space, namely, one which reverses the direction of 
the tliird axis. It fcdlows from nagiilar momentum 
calculus that a svstem having / 1 - 0 has a charge 
symmetry parity which is ( — )^ Thus the charge 
symmetry parity of the Tr^-meson is —1. The tr- 
meson, iheiefoie, has a G parity of —1; nticleo- 
nium, a system of nucleon and antinucleon, has 
G = ( — )/»•'<» in a state of oibital angular momen- 
tum /, spin s (0 or 1), and isotopjc spin i (0 or 1). 

All the strong interactions are isotropic in iso- 
topic space and conserve isotopic spin; all the 
strongly interacting elementary particles carry iso- 
tofiic spin. The anomalous- stability of the heavier 
(the so-called strange) particles is explained by 
the fact that charge is conserved, and in both the 
strong and elei fromagnetic interactions I » is con- 
seived (Gell-Mann- Nishijima heme ) . 

Unitary symmetry. Charge independence, de- 
sciihcd above as the isotropy of a three-dimen- 
sional sjiace, can also be described as symmetry 
with respei’l to arbitrary iininiodular unitary trans- 
formations of the proton and neution, that is, in- 
variaiic*e of the strong inlera<*tions to transforma- 
tions of the foim p— > los ^ e''' p + i sin 0 fi, 
n— > cos (9 e n 4 f sin 9 e'*’* p, where p and n 
stand for the state vectors of a proton and a 
neutron, respectively (acc Spinor). This group of 
transformations is called SUj. The analogous 
group of transformations on three particles is 
called Sl^; the interactions of the strongly inter- 
acting particles appear to obey this symmetry, al- 
though moie imperfectly than they obey the sub- 
group SU2. Curiously, the three particles on which 
the transformations can be sgid to act do not seem 
to exist as physical particles. 

The hierarchy of the symmetries of the strong 
interactions as presently understood is pictured in 
the figure. The symbols h, and Q represent the 
gage groups for these quantities; these itroiips 
are subgroups of SU3, as indicated by t^e arrows, 
but are not independent, as exhibited by ibe rela- 
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tion /3 4. ^Y^ The numbers at the right arc 
a rotig^ lueasure of the failure of each symmetry, 
being the orders of magnitude of elementary-par- 
ticle. mass differences which would be zero if the 
symmetry held exactly. 

Baryonic and leptonic charges. There are two 
symmetries which are known only from their re- 
sulting conservation laws, the conservation of bary- 
ons and the conservation of leptons, also termed 
the conservation of baryonic and leptonic charges. 
These laws can be formulated as the result of 
gauge invariances, similar to the way in which 
charge conservation results from ordinary gauge 
invariance. But there are no known fields in the 
present cases analogous to the electromagnetic 
field, and so this “explanation” of the conservations 
is purely formal and has not led to any funda- 
mental understanding. See Baryon; Lkpton. 

Saicction rules. As stated earlier, selection 
rules are an important result of conservation laws; 
they express whether or not particular reactions 
can satisfy the conseivation laws. A few examples 
follow. 

The conservation of angular momentum, parity, 
and statistics implies, for example, that unless a 
level of Be** has even angular momentum and 
positive parity, it cannot decay into two fv-particles 
since they can only be in such states, being them- 
selves identical spinless bosons. 

The conservation of angular momentum and par- 
ity implies the selection rules for the emission of 
radiation. For instance, the selection rules foi the 
emission of electric dipole radiation (Af - 0, ±1 
[but not / 0 to anothei stale with f = 0] and 

parity change) are a consequence of the vector 
addition rules of angular momentum plus the fact 
that the electric dipole field is 1“; that is. its 
angular momentum is one unit of h and its parity 
is —1. See Quant iTvr siaiisiics 

The conservation of charge paiitv C implies that 
a given stale of positroniiim cannot dec av into both 
an even number and an odd number of photons 
Similarly, the conservation of isotopic spin parity 
G implies that a state of nucleonium cannot decay 
into both an even number and an odd number of 
TT-mesons. [ r. j. c,oi nt 1 1 

Bibliography: J. J. Sakurai, Invariance Prin- 
ciples and Elementary Partides, 1964; C N. Yang, 
Law of parity conservation and other symmetry 
laws, Science. 127(3298) :565 569, 1958. 

Sympathetic nervous system 

The portion of the autonomic neivous system, in- 
nervating most smooth muscle and glands of the 
body, which produces a functional state of prepara- 
tion for flight or combat when stimulated. See 
Autonomic nervous sysilm. 

Anatomically, this part of the nervous system 
consists principally of regulatory centers in the 
thoracic and lumbar regions of the spinal cord. 
Such renters contain preganglionic nerve cells 
which send fibers to the sympathetic trunks or to 
the great nerve plexuses of the body. 

The sympathetic trunks, located on either side 
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Diagram showing the chain of ganglia and the great 
plexuses of the sympathetic system. (After Flower, 
from J. P. Schaeffer, ed,. Morns’ Human Anatomy, 
nth ed, Blakisfon-McGraw-Hill, 1953) 



The visceral reflex arc and sympathetic chain. (From 
B, A. Houssay ef al„ Human Physiology, 2d od,. Me* 
Grow^Hill, 7955) 



of the vertebral column, contain postganglionic 
nerve cells; each trunk is chainlike and lies against 
the posterior body wall. Additional postganglionic 
neurons are found in the intertwining networks, or 
plexuses, of the thoracic, abdominal, and pelvic 
regions. Peripheral autonomic innervation involves 
8 two-neuron chain as opposed to the direct inner- 
vation of voluntary muscle by an axon from a cell 
in the cerebrospinal axis. 

Sympathetic stimulation over this two-neuron 
s\stem produces alterations in heart rate, bronchio- 
lar size, blood-vessel diameter, glandular secretion, 
and gastrointestinal activity. Most of these struc- 
tures are also supplied by parasympathetic nerve 
fibers so that a dualistic and often antagonistic reg- 
ulation may be induced by the appropriate stimuli 
and body conditions. 

Some authorities also include sensory mecha- 
ni^'ms for the perception of pain, pressure, and the 
like, in both the sympathetic and parasympathetic 
svstems, but these pathways are largely ill defined. 

Epinephrine, the active principal of the adrenal 
medulla, has the same effect on the organism as 
stimulation of the sympathetic nerves. See Epineph- 
niN^ ; Nervous systfm. [l. g. stiiart] 

Sympathetic vibration 

The driving of a mechanical or acoustical s\stem at 
Its resonant frequency by energy from an adiaccnt 
s>stem vibrating at this same frequenc). Examples 
iiuliide the vibration of wall panels by sounds is 
miing from a loudspeaker, vibration of machineiy 
c(unponents at specific frequencies as the speed of 
d motor inct eases, and the use of tuned air resona- 
tors under the bars of a xylophone to enhance the 
acoustic output. Increasing the damping of a vi- 
brating system will decrease the amplitude of its 
'•vmpalhetic vibration but at the same lime widen 
the band of frequencies over which it will partake 
of svinpalhetic vibration. See Rfsonancf (a(OUs- 
ms AND mechanics) ; Vibration, [l. e. kinsi.er] 

Symphyla 

A class of the Myriapoda. The symphylans. like the 
pauropods, arc tiny, pale, centipedelike creatures 
that inhabit humus, soil, or live under debris; in 
general, they live wherever there is suffitient mois- 
ture to preclude excessive water loss. are 

similar to the Pauropoda and Diplopoda in being 
progoneate and anamorphic. Their'^mandibles, like 
those of millipedes, but unlike the simple pauropod 
mandible, each bear a movable gnathal lobe ; at the 
^ame time their two pairs of maxillae are more rem- 
iniscent of the chilopods and lower insects than of 
the singly maxillate millipedes and pauropods. Ad- 
ditional signal characteristics include the follow- 
the antennae are unbranched and simple: 
Acre is 1 pair of spiracles arising in the ^head 
and opening into tracheae; there are 12 pairs of 
^^88, 1 pair per bpdy segment; most of the legs 
have peculiar basal eversible vesicles with **j®^** 
aled styli; the tergites number at least 15 and do 
not form diplotergites; there is a prominent pair 
of terminal spinnerets. 





Symphyla, ScuiigereUa immacvfafa (Newp.), odutt. 
Body length up to 7.5 mm. (From R, E. Snodgrass, A 
Textbook of Arthropod Anatomy, Cornell Unlyerslty 
Press, T952) 

As is the case for the Pauropoda, little is known 
about symphylan biology. It is established that they 
feed upon decaying material as well as upon living 
plants; their role as greenhouse pests is widely ap- 
preciated by agriculturalists. Presumably all sym- 
phylans hatch with a reduced number of legs, 6-7 
in the species investigated, and thereafter undergo 
molts not only until the adult complement is gained 
but throughout life, which means 4-5 years in some 
forms. 

The class consists of three families to which not 
more than 60 species have been assigned. See 
MvRIAPODA. [R. E. CR ARIEL, JR.] 

Synanthales 

A small order of the plant subclass Monocotyle- 
doneae with one family (Cyclanthaceac) including 
6 genera having about 50 species, 35 of which be- 
long to the genus Carludotnca. These are palnilike, 
somewhat woody climbers, epiphyte^, or shrubs of 
the American tropics. The leaves of Carludovica 
palmata (jipijapa) are gathered when young and 
cut into strips to be bleached and woven into Pan- 
ama hats, See Embryophyta; Monocotyledon- 
^AF; Plant kingdom. [p. d. strausbaugh] 

Synapsida 

A group of extinct, inammal-like reptiles placed in 
the subclass Synapsida. In general, the group is 
rharacteriztd by a temporal fenestra that lies be- 
low the junction of the postorbital and squamosal 
bones, a so-called lower temporal opening. In ad- 
vanced forms, however, the postorbital-squamosal 
bridge is absent. Mammals arose from this group 
of reptiles during the Triassic Period. See Rep- 
riLiA rossiLS. 

Synapsids first appear in the geological record 
in the Upper Carboniferous. They flourished during 
the late Paleozoic and early Mesozoic, but became 
extinct at about the end of the Triassic. During 
this span of time, they underwent a broad adaptive 
radiation on land and made minor invasions of 
aquatic habitats. There were two major phases of 
this radiation, one early, by pelycosaurs, and the 
other later (late Permian and Triassic) by tfaerap- 
sids. During each phase both carnivores and herbi^ 
vorcs developed. Representatives ranged from about 
1 ft to over 20 ft in length. 

Irrespective of the nature of their adaptations, 
evolving stocks became increasingly mammaMike 
in the course of their hirtory. The mos» prhniave 
known synapsids ware very sfanilar to oniflmldtiOii 
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Evolution of the synopsid or mammoMike reptiles. 
{From E, H. Colbert, Evolution of the Vertebrates, Wi- 
ley, 7955) 

morph reptiles (cotvlosaiirs), llieir piesunied 
source. These most primitive forms are known 
from deltaic deposits of Texas. Ileie «ilso occiii 
the several lines of pcdyrosaurs. Amoii}; these, a 
group called spheiiacodonts was progiessivp and 
led to the more advanced mammal-like reptiles, 
the therapsids. Evolution of the theiapsids has 
been traced through rich deposits of their remains 
in U.S.S.R., South Africa, and South America. Sec 
COTYI OSAUniA. 

Several developing lines of carnivorous theiap- 
Hids attained veiy mammal-like skulls and skele- 
tons, and there is indirect evidence that their soft 
anatomy and phybiology were similaily close to the 
mammalian level. 

Extremely mammal-like forms compose a group 
c*dlled ic tidosaurs. From the highly advanced tlie- 
rapsids and ictidosaurs, mammals came into being 
in the Late Triassic. Possible ancestral stocks aie 
known from all continents except Australia and 
Antarctica. The transitions to mammals, which 
probably were several in number, are so well docu- 
mented that classification of some genera as rep- 
tiles or mammals must be based on arbitrary 
criteria. See IcTTDOSAtiRiA; Pflycos^uria; Thi-- 
RAPSIDA. I h. C. OLSONI 

Synaptic transmission 

The mode of transfer of activity at a junction 
(synapse) between a sensory receptor or a pre- 
synaptic neuron and a postsynaptic cell. The lat- 
ter may be another neuron, or an effector (muscle 
fiber, electroplaque, or gland cell). Transmission is 
unidirectional, pre* and postsynaptic functions be- 
ing distinct. The postsynaptic membrane does not 
respond to electrical stimuli and is electrically in- 
excitable. 


Excitation is presumably by a form of nearo. 
secretion, release of a chemical transmitter sab. 
stance by the active membrane of presynapiic 
terminals. Vesicles, thought to contain transmitters 
and to be released during activity, occur in pre. 
synaptic terminals. See Electric organ (biol- 
ocy) ; Nervous system. 

Transmisaional activity. The basis of transmk. 
sional, as of conductile activity, is a transducer 
action of the excited membrane, increased per 
meability to ions, usually leading to change in the 
membrane polarization (electrogenesis). As elec 
tiically inexcitable activity, postsynaptic poten 
tials, excitatory and inhibitory, are distinct from 
electrically excitable graded responses and spikes 
In nerve cells that are diffusely innervated (some 
miistle fiber^s, electroplaques, and neurons) trans 
missional aiid conductile membranes are inter 
mingled. The former presumably is that oppo<iitp 
presynaptic terminals, but is not distinguishable 
bv present-dav anatomical methods. At end-platcs 
of vert^'brale twitch muscle fibers and in some elct 
troplaques. synaptic membrane is limited to one or 
a ft'w innervated zones. See Biopotfntiais and 

I TFdROPITYsTOIOLY. 

Synapses that produce excitatory or inhibilur\ 
effects on elec Iricallv excitable membrane differ in 
transducer actions. Increased pprmeabilit> to all 
ions in ciclivated exc italor> membrane lead^- to de 
c rease oi abolition of testing golari/ation The ac 
live state, presumablv caused by and lasting durinp 
transmitter action, is a peiiod of loweied mem 
brane resistance and inward flow of synaptic cut 
rent. The excitatory postsynaptic potential, which 
is generated at this time, persists as a depolnri/a 
tion of diminishing amfilitude for some time after 
transmitter action is tc»rniinated, the persistence 
and rate of derav being manifestations of electro 
tonic spread of potential in the passive network of 
the membrane. This potential is a stimulus for elec 
tricallv excitable activity. Transducei actions for 
specific ions, or Cl , or both, chaiaclerize three 
different types of inbihitory synaptic membrane 
the cell tending in all three cases to gain negative 
charge hv loss of K’, entry of Cl“, or both. Inhibi 
tory effects are exerted chiefly during the active 
phase of the inhibitory postsynaptic potential 
when the lowered membrane resistance reduces the 
IR drop of the depolarizing potential generated b> 
an excitatory synapse. However, depolarization mav 
also be somewhat diminished by the countervailing 
potential remaining during electrotonic decay of a 
hyperpolarizing inhibitory potential. 

Interplays of excitation and inhibition occur in 
various peripheral neurosensory and neuromuscu- 
lar complexes, as well as in central nervous sys- 
tems, even in relatively simple organisms. They 
provide various levels and degrees of error sensing 
and feedback correction, permitting the organism 
to exercise a high degree of coordination and pre- 
cision. Activity of cells which lack electrically ex- 
citable membrane is initiated by postsynaptic po- 
tentials of either variety, which then are neither 
excitatory nor inhibitory, but only electrical mani- 



festations of activity — discharges of electroplaques, 
contractions of muscle fibers, secretion in glands, 
message transmission by receptor cells. See Nerv- 
ous system; Nervous system (invertebrate). 

Drug sensitivity. Pharmacological sensitivity to 
excitant (synapse activator) or depressant (syn- 
apse inactivator) drugs may be specific to depolar- 
izing or hyperpolarizing synapses, but also ruts 
across that classification, presumably because syn- 
aptic membranes of both kinds are activated by the 
same transmitter agent. Of the synaptically active 
compounds that occur in animals, only a few are 
found in and produced by nerve fibers. These alone 
qualify as possible transmitters. The best estab- 
lished are acetylcholine and various catecholamines, 
which respectively define the cholinergic and ad- 
renergic systems. Axodendritic and axosomatir 
s\napses, initially classified by location on den- 
drites or cell bodies of neurons, also may be 
pharmacologically distinguished. Several varietic*! 
of invertebrate synapse are insen.sitive to the com- 
mon synaptic drugs, indicating as yet unknown 
transmitter types. Sec Ephaptic transmission. 

1 H. crundfest] 

Synbranchiformes 

\n order of anguilliform fishes that, unlike true 
cHs. have the jiremaxillae present as distinct Imnes. 
Tlii^ group is also known as the Symbranchii. The 
‘‘mdll gill apertures are confluent across the breast. 
The gills are poorly developed and respiration is 
acc<»mplished in part by highly vast'ularized bucco- 
pharyngeal pouches. There are no fin spines or 
pectoral fins and the median fins, if developed, are 
continuous. Pelvic fins, if present, arc small and 
located on the throat. The body may be naked or 
''calcd. There is no swim bladder. The group, which 
has no fossil record, is classified into 2 suborders, 
3 families, 7 genera, and 12 species. These cel-like 
fishes inhabit swamps, caves, and sluggish fresh 
and l)rarkish waters of tropical America, Australia, 
eastern and southeastern Asia, the East Indies, and 
west Africa. See Actinopterycii. f R- bailf.yI 

Syncarida 

A superorder of the class Crustacea. There are only 
a few species of these higher crustaceans. They in- 
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habit special regions such as subterranean wells 
and springs, as well as mountain lakes. Their great- 
est extension was during the Paleozoic era. Two 
orders are recognized, the Anasjiidacea and Bathy- 
iiellacea. l*hylogenetic relationships within the 
Syncarida are presented in the illustrafion. A cara- 
pace and oostegites arc lacking. Eyes may be pe- 
dunciilatt . sessile, or lacking. All thoracic limbs 
have exopodites. but none are chelate or suhchelate. 
,S>e Cri'si acev: see also Anaspidacka ; Bathynel- 
LACEA. \n. JAKOBll 

Ribliofirapliy: P. A. Chappuis, Syncarida in 
W. Kiikenthal and T. Krumhach (eds.), Handbuch 
der Zoolofiie, vol. IJ, pt. J, 1926-1927; H. .Takobi, 
Biologie, Entwirklungsgeschichte und Syslematik 
von Bathynella nutans Vejd., Zool, Jahrh. Sysf., 
K3:l 63, 19r)4. 

Synchro 

The name applied to a wide variety of rotary 
transducers, which are actually synchronous ac 
motors (or generators) adapted to serve as varia- 
ble transformers in the measurement of angular 
position. 

The construction qf a synchro is similar 10 that 
id a miniature three-phase synchronous motor or 
generator. The stator, which contains the “three- 
phase” winding, is a slotted cylindrical structure 
made up of punched steel laminations, and the 
rotor contains a single winding, which may be of 
the .salient-pole type, the umbrella type, or the 
slotted-cylinder type {see Alternatinc-current 
generator). 

Instead of exciting the rotor field with a dc cur- 
rent and driving the shaft at a constant velocity as 
in an alternator, the rotor field is excited with a 
constant single-phase ac voltage, and Ae shaft 
moves at only low speeds, often standing com- 
pletely still. This unit, called a synchro generator, 



rotor 



Fig. 1. Synchro error-detector system. 


rotor angle rotor angle 



Fig. 2. Synchro repeater system. 


is ba'^icallv a transformer with one primary (the 
rotor winding) and three secondaries (the Y-con- 
nected windings of the stator). The voltages in- 
duced in the secondary windings are proportional 
to the cosines of the angles between each stator 
coil and the lotor. Thus an electric al reference 
frame is formed which may be read at a remote 
point by means of another symhrcK called a syn- 
chro control transformer, opeiating in reverse 
fashion as shown in Fig. 1. 

The synchro is completely single-phase; the 
term three-phase winding is a misleading carry- 
ovei from the field of ac power machinerv to 
describe a stator that is made up of three fields 
oriented at 120" to each other. 

The voltage E, in Fig. 1 is a maximum when the 
control transformer rotor angle a coincides with 
the generator rotor angle To achieve a null 
condition, the control transformer rotor position 


must be at an angle of 90^ with respect to the 
generator rotor angle. Thus if the control trsav 
former rotor position is defined as jS « a 4 990 
then P will be equal to 9 when the output voltage 
Eft is at a minimum (theoretically zero). 
synchros may be used in this way as an error- 
detector system, with the output voltage repre. 
senting the error (9 — P), 

The best null condition attainable for E,, m 
limited by quadrature effects resulting from extra 
neons phase shifts between the various transformer 
windings due to slight differences in impedance 
characteristics. Special care must be exercised in 
the manufacture of synchros to attain good per- 
formance. When the rotors of synchros are driven 
at high speeds, extraneous voltages are induced b\ 
generator action, and the output signal is not an 
accurate representation of rotor-angle difference 
Two-spe^ synchro system. This is a method 
of employing two sets of synchros for erior de 
tection in a servomechanism, one set operating 
through step-up gearing so that they rotate at 
some integral multiple of the speed of the others 
The nonstepped-up synchros are emploved for 
error detection when the error is large, and iht 
stepped-up svnehros are switched in lo provide 
more accurate error detection when the eiror is 
small. Complications arise from the many possible 
false mill positions when the stepped-up sym hro^ 
are in operation, and circuits must ensure that ihe 
svstem drives to the correct nufl position. 

Repeater synchro. In a repeater svnehro 
lem the rotor winding of the second synchro i-* 
excited with the same voltage and frequency 
the rotor of the synchro generator, as shown in 
Fig 2. When the synchro repeater rotor angle docs 
not coimide with the generator rotor angle, an 
electromagnetically induced torque drives the ir 
peater rotor toward the position where its angle 
will correspond with the generator rotor angle A 
svnehro repeater is well damped to avoid ex( essivc 
osc'illation in finding its correct position ; otherwise 
it is identical with a control transformer. This sy*' 
tern is sometimes used as a combined error delcc 
tor and torque motor, because the torque induced 
in the repeater rotor is proportional to the error 
angle (fl — a) for small errors. These are com 



Fig. 3. System with differential synchro. 


^nly used to position remote indicators. See Re- 

PEATEB, SYNCHRO. 

synchro. This synchro contains 
iliree sets of windings on both the rotor and the 
!,wtor. When this unit is connected with a synchro 
generator and control transformer, as shown in 
Fig. 3, the output of the control transformer 
reaches its null when the angle j8 = o + 90® is 
equal to the difference between the generator an- 
gle 6 and the differential synchro rotor angle (ft. 
Thus the differentia] synchro makes it possible to 
introduce another reference angle into the error 
delector system. 

Resolver synchro. This ib similar to a ^^ynchro 
generator in construction, but the stator contains 
only two windings oriented at 90° relative to each 
other, and they are employed to resolve rotor posi- 
tion into sine and cosine component voltage sig- 
nals. Resolver synchros are used in computing 
NPivomcchanisms and other electromechanical com- 
puters. See Analog computer; Servomfc hanism. 

f J.L.SH.] 

Synchrocyclotron 

\ (>ololron for accelerating protons, deuterons, or 
n jMiticles. in which the frequency of the anelerat- 
ing voltage is modulated to maintain synchronism 
vMlh the Irequency of the particle which is spiral- 
ing out to energies wheie the relativistic mass in- 
crease becomes significant. In Russian literature 
tins devite is sometimes termed a sMichrophaso- 
tron The principle of phase stability controls the 
iddiiis of the particle to maintain the synchronism 
js the frequency is decreased. For an extended dis- 
( iission see Par i k if ac c ki.fr a tor. [ w k.h.p.] 

Synchronization 

Ilip process of maintaining one < Deration in step 
with another. The commonest example is the elcc- 
IM( dock, whose motor rotates at some integral 
multiple or submultiple of the speed of tin alter- 
nator in the power station. In television, s^nchro- 
ni/dti(in is essential in order thaf the electron 
l)f*dms of receiver picture tubes are at exactly the 
''dme spot on the screen at ea(h instant as in the 
lieam in the television camera lube at the Irans 
muter. Svnehronism in television is achieved by 
iransrniiting a synchronizing pulse at the end of 
f'doh scanning line, to make all receivers move 
''itniiltaneously to the start of the next line, A simi- 
Idr vertical synchronizing pulse is transmitted 
"^hen the camera beam readies the bottom of the 
picture, to make all beams go back to the top for 
the start of the next field. See OsriLLOSc opk, f 4IH- 
ont-RAY; Television. [j.mr.] 

Synchronous condenser 

A synchronous motor tbat is operated without a 
mechanical load in order to draw a leading current 
for power- factor correction. It is widely used to off- 
the lagging current drawn hv induction motors, 
fw^causc its field excitation can easily be changed 
to give the required amount of correction as indue- 


SyfiArmoun motor 

lion motors are switched on or off and their toads 
are changed. Industrial plants use synchronous 
condenseib to improve or completely correct over- 
all power factor, so as to avoid power company 
rate penalties for drawing highly reactive power. 
Synchronous condensers also help to maintain con- 
stant line voltage. See Syn( hronous motor, 

1 J-MB,] 

Synchronous motor 

An alternating-current (ac) motor which operates 
at a fixed synchronous speed proportional to the 
frequency of the applied ac power. A synchronous 
machine may operate as a generator, motor, or con- 
denser depending only on its applied shaft torque 
<v^llelher positive, negative, or zero) and its excita- 
tion. There is no fundamental difference in the the- 
ory, design, or construction of a machine intended 
loi anv of these roles, although certain design fea- 
tines are stressed for each of them. In use, the ma- 
< hine may (*hange its role from instant to instant. 
Foi these leasons it is preferable noi to set up sep- 
diate theoiies for synchronous generators, motors, 
and (undenseis, but rather to establish a general 
theorv which is applii able to all three and in which 
the distinction between them is merely a difference 
m the direction of the curients and the sign of the 
torque angles. 

Basic theory. A single-phase, two-pole synchro- 
nous machine is hhown in Fig. In. The coil is on 
the pole axis at time f » 0 and the sinusoidally 
distributed flux </> linked with the coil at any in- 
stant is 


0 = cosoif (1) 

where wt is the angular di iplac'ement of the c'oil 
and h the maximum value of the flux. This 
flux will indme in a roil ot A turns an instanta- 
neous voltage 


*iin CDt =* fcmax Sin (1) 

at 


The effective (rnis ) value of this voltage is 


E - - V2 ir/yv* - 4.4 4//V4>„„ (3) 

V2 

If the impedance of the coil and its external cir- 
cuit of resistance R and reactance X is 

Z^R±JX^ Z/±e (4) 




Fig. 1. ia, b) Single-phase, 2-pole fynchranoMS mo- 
chine. 
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Fig. 2. Vector diagrams of synchronous generators, (a) Smooth-rotor machine, (b) Salient-pole machine. 


there will flow a < urreiil 

I- \l^3 (5) 

in which the phase angle B is taken positive foi a 
leading current. This current will develop a sinus- 
oidal space distribution of ai mature reaction 

A -= O.HNltnuji sin (o)/ -f 6) (6) 

If this single-phase mraf is expressed as a space 
vector and resolved into diiect (in line with the 
pole axis) A,i and quadrature A^ components it is 

A = Ad+ jAq 

= 0.4/VAnaxl (sin d -f sin (2(at + S)| 

+ y(cos 0 — cos {2u)t I (9)1 1 (7) 

In a three-phase machine with balanced currents, 
the phase cui rents are 

ia == /mux sin {o)t -h 0) 

ih ^ Anux 9in (wt h ^ - 120") (8) 

ir ~ Anux sin {o)t 4" ^ 240^) 

Upon writing Eq. (7) for <ot -- 120", and o>/ — 
240® r€»spectively and adding, there results for the 
polyphase armature reaction 

A - Ad-\~ jAq— 1.2M,iittx(sin 0 j cos 0) (0) 

The three-phase power of the machine i.s 

P-=:ife7cos^ (10) 

and the developed torque is 
P 3 

r « — « £7 cos 6 (11) 

0) 0) 

The above equations constitute the essential de- 
scription of the synchronous generator. The same 
equations apply for a motor if the currents are re- 
versed, that is, by changing the sign of the current 
/.We next interpret these equations in the form 
of vector diagrams, and recognize the two cases of 
a smooth-rotor and a salient-pole machine. 

Smooth-rotor synchronous machine. In the 
smooth-rotor machine, the reluctance of the mag*' 


netic path is essentially the same in either the di 
rect or quadrature axes. In Fig. 2a let the flux 
be selected as reference vector and drawn verti 
tally. Then comparing Eqs. (1) and (2) it is smi 
that the induced voltage Ef lags the flux b\ 

By Eq. (.S) the current / lags the voltage by an 
angle 0 for an inductive circuit, and by Eq (M 
causes a constant mmf of armatuie reaction I in 
phase with the cuiient. This armatuie reaction 
causes a flux 0,,, stationary in space with respni 
to the field poles, which in turn iiidutes a 
En lagging it by 90". The ivto indiued voltages h 
(due to the field flux ‘!>l and E„ (^ue to the arnia 
lure reaction flux combine veclorially W 

give the resultant voltage E'. But the terminal voh 
age y is less than K' bv the lesistame and red« 
tamce drops, R1 and jxil in the winding, thus 

V - E'- (12 

The leakage reactance drop jXfl lags the (iir 
rent bv 90® as does the armature reaction voltai-f* 
E„. If a fictitious reactance of armature reacli<m 
is introduced to account for £„ it is obviuu' 
that Eq. (12) may be rewritten as 

V = Ey-;aaI- (R+pdl 
= E/- Pl-y(:c„-h^/)I (11^ 

= E/ - (R + yX)I 

in which ^ x„ + xi is called the synchronou*' re 
actance of the machine. 



Fig. 3. Vector diagram of synchronous motor. 



Salient-pole synchronous machine. In a similar 
fashion the vector diagram for a salient-pole ma- . 
chine. Fig. 26, may be set up, where the effects of 
saliency result in proportionately different arma- 
ture reaction fluxes in the direct and cjuadrature 
axes, thereby necessitating corresponding direct, 
and quadrature, Xq^ components of the synchro- 
noub reactance. 

The angle 8 in the vector diagrams of Fig. 2 is 
ulled the torque angle. It is the angle between the 
held induced voltage Ef and the terminal voltage V 
and positive when Ef is ahead of K. 

The foregoing equations and vector diagrams 
were established for a generator. A motor may be 
regarded as a generator in which the power com- 
ponent of the current is reversed 180°, that is, be- 
comes an input instead of an output current. The 
rnj)tor vector diagram is shown in Fig. 3. Here the 
lorque angle 8 is reversed, since V is ahead of /?/ 
in a motor (it was behind in the generator). 
Therefore a motor differs from a generator in two 
essential respects: (1) the currents are reversed, 
and (2) the lorque angle has changed sign. As a 



V 


induced voltage 



4. V curves (armature current vs. Induced voltage) 
synchronous motor. 
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reault the power input, Eq. (10), for a motor h 
negative, or has become a power output, and the 
torque is reversed in sign. 

When the current / is 90° out of phatse with the 
terminal voltage V the torque angle 8 is nearly 
zero, being just sufficient to account for the 
power lost in the resistance. 

Therefore, a svnc'hronous machine is a generator, 
motor, or condenser depending on whether its 
torque angle 8 is positive, negative, or zero. For 
these conditions the output current is respectivelv 
at an angle less than greater than d:90°, or 

essentially ±90° with respect to the terminal volt- 
age. Furthermore, depending on this power- factor 
angle, the field induced voltage Et may be greater 
(overexcited) nr less (underexcited) than the ter- 
minal voltage F, and the machine mav be made to 
take either leading or lagging eurients. 

Synchronous condonsor. A synchronous con- 
densei can be made to draw a leading current and 
to behave like a capacitance, bv overexciting its 
field. Or, it will draw a lagging current on under- 
excitation This characteristic thus presents the 
possibility of power- factor ouirection of a power 
svstem b\ adjusting the field excitation. A machine 
so employed at the end of a transmission line per- 
mits a wide range of voltage regulation for the line. 
One used in a factory permits the power factor of 
the load to be corrected. Of course a synchronous 
motor can also be used for power-factor cxirrection, 
but since It must also carrv the loud current, its 
powei-fador correction culpabilities are more lim- 
ited than for the svnehronous c^ondenser. 

Power equations. The power Pq and reactance 
power Q,, of a round-rotor synchronous generator is 
given bv the crpiation 



in which tan or = /? and Z« /f -f jX^. 

For a round-rotor motor the torque angle 8 is 
negative and the gross mechanical power output 
(inc hiding windage and friction) is 
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Fc»r a salient-pole machine, neglecting resist- 
ance, Z, is equal to the direei axis reactance X,i. 
a IS zero, and 


sin « + sin 28 (16) 

Thu. the power or torque depends essentially on 
the product of the terminal and indiieed voltages 
and sine of the torque angle 8 ; but in the rase of 
the saiient-pole machine there is also a second 
harmonic teim which is independent' of the excita* 
tion voltage Ef. This term, the so-called reluctance 
power, vanishes for nonsalieney when Xh - Jhq 
small synchronous motors used in some electric 


clocks uid other low-torqite applications depend 
solely on this reluctance torque. See Reluctance 
MOTOR. 

Emftation characteristics. The so^alled V 
carves of a synchronous motor are curves of arma- 
ture current plotted against field current with 
power output as parameter. Usually a second set of 
curves with input power factor (pf) as parameter 
is superimposed on the same plot. Such curves. 
Fig. 4. where armature current is plotted against 
generated voltage, can be determined from design 
calculations, or from test, and yield a considerable 
amount of data on the performance of the motor. 
Thus, given any two of the four variables £/> 
the remaining two may be easily determined, as 
well as the conditions of maximum power, con- 
stant pf, minimum excitation, stability limit, and 
so forth. 

Circia diagrams. The voltage equation (13) and 
the current equation (5) can be combined in such 
a fashion as to yield 
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which is the equation of a set of circles with off- 
set center and with different ladii (£/ /Z*). The lo- 
cus of these circles is the current. 

A companion set of circles can be developed giv- 
ing the locus of / us a function of its power-factor 
angle for different values of constant developed 
power. 

These two sets of circles are shown in Fig. 5 
Such circle diagrams relate the power, pt angle, 
armature current, torque angle, and excitation. 



Losms 8nd gfUd^ncy* The losses m a synchro, 
nous motor comprise the copper losses in the 
armature, and amortisseur winefings; the exciter 
and rheostat losses of the excitation system; the 
core loss due to hysteresis and eddy currents in 
the armature core and teeth and in the pol^ 
face; the stray loss due to skin effect in conductors 
and the mechanical losses due to windage and fric. 
tion. The efficiency of the motor then is 

__ output output 

Eff SB -r -- — “ i 

input output + losses ' 

Mechanical oscillations. A synchronous motor 
subjected to sudden changes of load, or when driv- 
ing a load having a variable torque (for example, a 
reciprocating compressor), may oscillate about its 
mean synchronous speed. Under these conditions 
the torque angle S does not remain fixed, but var 
ies. As a result four separate torques act on the 
machine rotor: 


( Synchronous \ / induction motor 

motor torque ) + I torque of 
Eq. (16) / \ ainorlisbeur 
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( tonjue to\ / 
overcome j -h ( 
inertia / \ 


lorcjue 

requiied ) (19) 
by llie load/ 
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The possibility exists that cumulative oscillation'^ 
will build up and cause the motor to fall out o( 
step. 

Starting of synchronous motors. Synchrononv. 

motors are provided with an amort^seur (sqmirel 
cage) winding embedded in the face of the held 
poles. This winding serves the double purpose of 
m<»tor starting and the limiting of oscillations oi 
hunting. During starting the field winding is either 
closed through a resistance, short-circuited. oi 
opened at several points to avoid dangerous in 
duced voltages. The amortisseur winding a<*ts v\ 
actly as the squirrel-cage winding in an induction 
motor and accelerates the motor to nearly svn 
chronous speed. When near synchronous speed the 
field is excited and the synchronous torque pulN 
the motor into synchronism. During starting Eq 
(19) applies, since all four types of torque may be 
present. Of course, up to the instant when the field 
is excited the portion of the synchronous motor 
torque depending on £/ does not exist, although 
the reluctance torque will be active. 

Other methods of starting have been used. If the 
exciter is direct-connected and a dc source of 
power is available, it may be used to start the syri- 
chronous motor. In the so-called supersynchronou*^ 
motor the stator is able to rotate in bearings of 
own, and is provided with a brake band. For start- 
ing, the stator brake band is released and the stator 
allowed to come up to nearly synchronous speed h) 
virtue of the amortisseur windings; the field h 
then excited and the stator brought to synchronous 
speed, the rotor remaining stationary. Then as the 
brake band is tightened, the torque on the rotor 





cau««*s it to accelerate while the speed of the stator 
correspondingly slackens, and finally the statoc 
comes to rest and is locked by the brake band. In 
this way maximum synchronous motor torque is 
niadc available for acceleration of the load. For 
other types of synchronous motors see Hysteresis 
motor; Reluctance motor. [l.v.r.] 

Bibliography i L. V. Bewky, Alternating^current 
Machinery, 1949; A. S. Langsdorf. Theory of 
4 lternating-current Machinery, 2d ed., 19.S.5; 
M. Liwschitz-Carik and C. C. Whipple, Electric 
Machinery: A-C Machines, vol. 2, 1946; A. F. 
Piichstein, T. C. Lloyd, and A. G. Conrad, Alternate 
ing'Current Machines, 3d ed., 1954. 

Synchronous speed 

The speed of an alternating-current (ac) machine 
at which the rotor speed and the frequency of the 
ac wave are exactly proportional. This is also the 
speed of the rotating field of an induction machine, 
[n a machine with p poles, the synchronous speed 
«,is 

120 / 

n« = rpm 

P 

where / is the frequency of the ac wave. | a.i .p.] 

Synchroscope 

\n instrument used for indicating whether two 
dlternating-current (ac) generatois or other ac 
voltage sources are synchronized in lime phase 
with each other. In one type, for example, the 
position of a continuously rotatable pointer indi- 
tdtes the instantaneous phase differen* between 
the two sources at each instant; the speed of rota- 
tion of the pointer corresponds to the frequent y 
difference between the sources, while the direction 
of rotation indicates which source is higher in fre- 
ipiency. In more modern synchroscopes, a cathode- 
rd\ tube serves as the indicating means. 

The term synchroscope is also applied to a spe- 
•lal type of cathode-ray oscilloscope designed for 
observing extremely short pulses, using fa^t sweeps 
•^vnrhronized with the signal to be observed. S#»c 
Eu( FRIC POWER LKNLRAIION ; OsCIl LOS( OPE. C AlH- 
ODF-RAY [.I.MR.J 

Synchrotron 

A device for accelerating electrons or protons in 
nrcular orbits in a time-varying magnetic field it 
nearly constant radius. The magnetic field has h 
radial gradient to produce focusing. Acceleration 
produced by an electrode system driven at a fre- 
*|uency (constant in the case of electrons; variable 
in the case of protons) chosen so as to keep the 
orbit radius constant. The orbit radius will adjust 
^0 a value maintaining synchronism between the 
frequency of revolution of the particle in its orbit 
®nd the frequency of the accelerating voltage; ^his 
action is called phase stability. 

alternating-gradient synchrotron is a syn- 
chrotron which employs a radial gradient of the 
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magnetic guide-field alternating in sign ^as a meatia 
of focusing the particle beam. For an exicaidcd 
discussion see Particle accelerator, [w.k.h^p.] 

Syncline 

A fold in which the beds are inclined down and 
toward the axis. Synclines may be symmetrical, 
asymmetrical, overturned, or recumbent Most have 
elongate trends, with axes that plunge from the 
extremities toward interior points along the ax€». 
Others, called basins, have no distinct trend. In 
general, the stratigiaphically younger beds are 
found toward the center of curvature, but in com- 
plexly deformed regions such simple concepts mav 
not apply. 



Block diagram showing relation between structural 
syncline and topography. The topography indicates 
that the syncline plunges south. (From M. P. BWing$, 
Structural Geology, 2d ed,, Prentice-Hall, 1954) 

Stratigraphic synclines aie those fold^ regard- 
less of their observed forms, which are inferred 
from stiatigraphic data to have been synclines 
originally. .Structiiidl svnrlines are those which 
have synclinal form regardless of their .strati- 
graphic relations. See An'iuline; Fou) and toLD 

SYSTEMS. [ P.H.O.l 

Syngamy 

A process involving the union of sexual cells, or 
gametes. Customarily these are eggs ( female } and 
spermatozoa (male), and syngamy involves the fu- 
sion of a single spermatozoon with a single egg. As 
such, svngamy is synonymous with the word ferti- 
lization. Accompanying the union of .sexual cells 
are rather profound physiological and structural 
changes within the egg, but the process is consid- 
ered terminated when a fusion of the gametic nu- 
clei takes place. Syngamy in the ultimate sense of 
nuclear fusion was first .seen in animal cells by 
0. Hertwig and H. Fol in 1874, and in plant cjslls 
by E. Strasburger a year later. See Fertilization. 

Syngamy bears a significant relation to genetics 
in that in effect it is the opposite of meiosis. Mei- 
osis reduces, and generally halves, the chrompsome 
number of a diploid cell to produce haploid gam> 
ptes; syngamy, through the fusion of haploid nuclei, 
restores the diploid chromosome number. Paternal 
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and maternal genes are thereby brought together 
in the resulting offspring developing from the fer- 
tilized egg or zygote. See Genetics; Meiosis. 

Syngaroy bears a further relation to sexual repro- 
duction in that entry of the sperm into the egg 
activates the egg, leading to a cycle of cell division 
and differentiation which eventually leads to the 
formation of a new individual. The life cycle of 
any sexual organism is, therefore, an alternation of 
diploid and haploid phases, with meiosis and syn- 
gamy being complementary aspects of the cycle. 

Syngamy is essentially the same in all sexual or- 
ganisms, although the length of the diploid and 
haploid phases can vary widely in relation to the 
entire life cycle. In many lower forms, however, it 
is not always possible to speak of syngamy as be- 
ing the union of a spermatozoon and an egg, since 
the gametes are similar in appearance and undif- 
ferentiated as to sex. See Cell division, [f .p.sw.] 

Syphilis 

A subacute and chronic infectious disease caused 
by a spirochete, Treponema pallidum^ and trans- 
mitted principally by sexual intercourse, but oc- 
casionally by direct nonsexual contact, or from a 
pregnant woman to her fetus as in congenital syph- 
ilis. Since the introduction of penicillin, the prev- 
alence of syphilis is declining but in no country is 
it a negligible health problem. See Spirociiitf. 

Among low economic groups living under 
crowded conditions there are syphilis-like diseases 
transmitted, usually in childhood, by nonsexual 
contact. These diseases have been given distin- 
guishing names such as yaws, bejel, and plnta. 
Other syphilis-like infections, which cannot be 
regarded as clinical or epidemiological entities, 
have been given local names such as njovera 
(South Rhodesia) and dichuchwa (Bechuana- 
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Treponema pallidum, causa of syphilis. (General Bio- 
logical Supply Houae, Inc,) 


land). Because of the close biological relationshin 
of the spirochetes that cause this group of diseases 
including syphilis, the general term treponematosis 
is often used. A natural disease of rabbits, venereal 
spirochetosis, is closely related biologically 
the human treponematoses. See Bejel; Pinta 
Yaws. 

Causative organism. T. pallidum is a thin spiral 
organism varying in length from 5 to 20/u.. In fluid 
medium it resembles a corkscrew with 4-14 regu- 
lar spirals and moves with a rapid rotary motion 
with little movement of translation. In a viscid 
medium it has a snakelike motion with elongated 
spirals. It is visualized with difficulty under the or- 
dinary light microscope, but shows clearly under 
the darkfield microscope. Electron microscopy 
shows a spiral central axial filament with surround- 
ing periplast and terminal flagella-like projections 
The organism stains poorly. Inoculation into the 
skin or testes of Rabbits induces characteristic le 
sions. Monkeys, hamsters, guinea pigs, and mice 
develop infection but show lesions irregularlv 
Pathogenic ireponemes cannot be grown on arti 
ficidl media or tissue culture. Virulence is mam 
tained for 7 14 days in a special anaerobic 
medium, and indefinitely when frozen at approxi 
mately --76°C, the temperature of dry ice. 

A number of strains of treponemal-like spiro 
chetes have been grown on artificial media under 
anaeiobic conditions, but these are invaiiablv non 
pathogenic, their original source is uncertain, and 
there is only limited antigenic relationship with 
disease-pioduc ing treponernes. ♦ 

Syphilis In man. The disease evolves in a step 
wise manner. The primary or initial lesion develop- 
at Uie site of implantation of treponemes within 
I D weeks. CharaeteristKally this lesion, also re 
ferred to as the hard chancre, is indurated, often 
like cartilage, and the lymph node draining the 
area is enlarged. The primary lesion is most often 
located on the genitalia, howevei, in about 10^ 
of eases the primary lesion is extragenital, mo«t 
commonly on the lips or fingers. Fluid expressed 
from the chancre contains T. pallidum in abun 
dance. 

Treponemes are soon widely disseminated b> 
the lymphatics and blood giving rise, after an in 
terval of 3-8 weeks, to generalized lesions charac 
tenstic of the secondary stage of the disease. Mo'^t 
prominent in this stage are treponeme-eontaining 
lesions of the skin and mucous membranes of the 
lips, mouth, and genitalia. Foci of spirochetal 
multiplication are present in many organs and 
often give rise to symptoms of arthritis, iriti*^ 
meningitis, and hepatitis. Low grade fever, loss of 
appetite, and general malaise are common. 

Even without treatment, lesions of the secondarv 
stage eventually subside and the disease enters the 
tertiary stage, or latent phase, in which, despite 
the persistence of infection, no lesions may be de* 
tectable; or isolated lesions in which treponemes 
are scarce may develop at irregular intervals in the 
skin, the liver, the central nervous system, or the 



heart and great veasela. Formerly, syphilis waa an 
important cause of insanity (general paresis) and 
of cardiovascular disease. See Paresis, general. 

During the primary stage two types of antibodies 
develop. One, a biologically nonspecific antibody, 
is detectable by complement fixation and floccula- 
tion tests such as the Wasserman, Kolmer, Kahn, 
Kline, and Eagle, all of which utilize an antigen 
made of normal beef heart. A more specific anti- 
body is detected by the Treponemal Immobiliza- 
tion Test (TPI) utilizing living T. pallidum as an- 
tigen. Both types of tests remain positive for many 
years, often for life, in the absence of treatment. 
See Antibody; Complement-fixation test; Se- 
roiogy. 

Clinical or epidemiological evidence may sug- 
gest syphilis, but definitive diagnosis depends upon 
demonstration of T, pallidum by darkfield exami- 
nation or upon positive serological tests. Formerly 
arnenicals and bismuth were the principal form of 
treatment, but these have been superceded by peni- 
oillin. 

Prevention. Avoidance of intimate contact with 
an infected person is the surest preventive. Infec- 
tion from toilets, towels, and drinking utensils is 
\iitiiallv unknown under conditions of modern hy- 
giene. Prompt and thorough washing with soap 
and water destroys contaminating treponemes. 
IVnicillin either by mouth or bv injection is also 
an effective preventive. Public health measures 
«ihoiild be directed to detecting and treating in- 
fected persons, particularly women, in whom le- 
«;ions are often obscured. No vaccine is available 
for any of the treponematoses. [t.b.t.] 

Systems engineering 

The design, prediction of performance, building, 
and operation of large and complicated combina- 
tions of elements or subsystems. Emphasis is upon 
the requisites necessary for optimum performance 
under changing conditions of load, environment, 
and information inputs. 

\ system is a collection of matter within pre- 
scribed boundaries. The behavior of the svstem as 
perceived by an observer stationed outside the sys- 
tem, is described in terms of system quantities or 
variables. Figure 1 is a schematic representation of 
a system. 

A system quantity, or variable, is any character- 
istic of a system measurable by an observer •sta- 
tioned outside the system. An input quantity is a 
variable whose value at any instant of rime is de- 
termined by events occurring outside- tne system. 



1. Schematic representation of a system. 
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Fig. 2. Valve-controlled flow system, (o) Actual sys- 
tem. (b) Schematic representation. 

An output quantity is a variable whose value at any 
instant of time is determined by events occurring 
within the boundaries of a oystem in response to 
changes in input ({uantities. A constant quantity is 
a characteristic of a system whose value does not 
change with time over the interval under observa- 
tion. 

The definitions of input and output quantities 
given here are highly idealized. In actual practice 
all input values are influenced hy what goes on 
within the system. Similarly all outputs are de- 
pendent upon what goes on outside the system. In 
many cases the ideal definition is a useful approxi- 
mation of the actual situation. The flow device 
shown in Fig. 2a is a simple system which may be 
schematically repiesenled as shown in Fig. 26. 
Where the fluid is incompressible:, the change in 
output flow is 

Ae/o = /fAp„, Ap,. A:r) 

where Ago is change in output flow qo. Apo is 
change in exit pressure po, Api is change in en- 
trance pressure and Ajt is change in valve 
opening. It can be shown that for small changes 
in the variables 

Aq,, * Ap,) + K 2 Api 4" Ax 

The model of the svstem in Fig. 26 is adequate to 
express the behavior of the system for small 
changes in the inputs Ax, Ap„ and Ap,.. The values 
of the entrance and exit pressures depend only on 
conditions outside the system, providing the system 
is fed from a sufficiently large reservoir and ex- 
hausts into a sufficiently large reservoir so that 
changes in the flow Aq,. do not produce significant 
changes in Ap, and Ap,,. Similarly the change in 
valve opening Ax is set outside the system and is 
not altered by changes in conditions within the 
system. Actually changes of pressure in the system 
do change the valve opening, but this influeoce is 
normally not a significant one. The terms input and 
output are widely used, whether they conform to 
the ideal definition or not. 

System performance or behavior. The response 
of a system to changes in the inputs is called iU 
performance or behavior. Where the inputs are 
functions of time, the behavior of the output^ quaii- 
tities is a function of the inputis, the system char- 
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Fig. 3. Types of inputs, (a) Step-change input, (h) Si- 
nusoidol-change input, (c) Random-change input. 



Fig. 4. A linear system, (a) Schematic representation, 
(b) Response characteristic. 




Fig. 5. Exomples of linear systems, (o) Spring, 
(b) Electrical resistance, (c) Mass. 


acteristics, and time, and the behavior is known as 
the transient response. Where the inputs are not 
changing with time, the performance is called the 
steady-state response. 

Standard types of input. The availability of cer. 
tain analytic techniques and measurement capa. 
bilities has made the determination of system be- 
havior convenient in terms of response to spedfij 
inputs. Such inputs include: (1) a step (indicial) 
change; the input is changed from one steady-state 
value to another instantaneously (Fig. 3a) ; (2) a 
steady sinusoidal input; the input is varied sinus 
oidally with time (Fig. 3fr) ; (3) a random-change 
input; the input varies randomly with time 
(Fig. 3r). 

Linear systems. Linear systems are those m 
which an effect (output) is directly proportional 
to its cause (input) as shown in Fig. 4. 

While few systems are completely linear. man\ 
exhibit sub.stuntia^y linear behavior, and the anal 
ysis that has been ^developed for such systems ran 
be widely and successfully applied. Examples of 
linear systems include a spring, an electrical re 
sistance, and a mass (see Fig. .S) . 

Nonlinear systems. In these systems pt least one 
element possesses nonlinear characteristics. Anv 
element with an output whose change is not t»ro- 
})ortional to the change in input is nonlinear a 
matter of fact, all systems are nonlinear, hut m 
many instances the deviation from linearitv i*- 
small enough so that lineai theory accurate! v pre 
diets performance. 

The analysis of nonlinear systemwis mu<h more 
difficult than that of linear systems. There aie 
many such systems for which no known dfised 
generalized mathematical solution exi'^ts. Many ini 
poiiant systems are nonlinear, for example, thf 
automatically controlled heating system used in 
many homes is an example of an on-oi f system 
The heat source (the furnace) is fully on if the 
house temperature is below a certain desired level 
The burner is shut off when the house teinfierdture 
is above the level desiied. The output eneigy of the 
furnace is not proportional to the erior in tempera 
til re (see Fig. 6). 

A system that exhibits saturation, such as an 
electric motoi. is also nonlinear. The output is pio 
portional to the input until the magnitude of the 
input exceeds a certain value. Further increases in 
input result in no additional change in the output 
(see Fig. 7). 

Backlash is another form of nonlinearity en- 
countered in many systems. Upon reversal of the 
input, the output does not change until the input 
has changed by an amount equal to the backlash, 
or play, in the system ( see Fig. 8) . 

Many commonly used control elements exhibit 
what is called a dead zone. For example, some 
hydraulic control valves are designed to produre 
an output flow proportional to the input signal 
However, it is extremely difficult to build such a 
valve that will not exhibit a dead zone at its center 
position as shown in Fig. 9. 






Fig 7 Saturation. 

While some nonlinearities are regarded as un- 
desirable, the deliberate use of certain nonlinear 
elements in systems is of vital importance. Hence, 
there is continuing effort to increase our ability to 
analyze the dynamic behavior of systems contain- 
ing such elements. 

Systems design. The design of large-scale sys- 
tems IS not new. The construction of m>«jor bridges, 
load systems, buildings, and business organizations 
has long been and still remains a challenging task 
involving able leadership and coordinated grou])- 
work. Nevertheless, during the last two decades a 
set of concepts and tools has been developing that 
IS proving to have real power in dealing with 
large and complica'ted systems, particularly those 
where dynamics is a major consideration. Effective 
as this growing understanding has been, it is clear 
that we have not yet reached the state of sophis^t^- 
cation in systems engineering which the solution oi 
the complex problems will demand in the future. 

Design is the bringing into being of something 
that did not previcmsly exist. The first step is the 
ilear recognition of a problem or need. Such prob- 
lems or needs must be stated in broad terms. There 
are many examples where optimum solutions have 
been excluded by a poor and narrow statement of 
''^hat, in fact, was a broad situation. Step two itf the 
gathering of all possible information. Goals must 
^ outlined ; conditions to be ftced must be clearly 
stated. Each statement that places limitaticms on 
action mast be carefully chocked. At this point, or 
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perhaps sooner, possible solutUms begiii to appear* 
uic more different possible solntkuM the 
Each possible solution poses searchiiig quastkma 
as to the statement of goals and limitations. 

A relative evaluation of the possible solution 
must then be undertaken, and a decision must be 
made as to the promising one to pursue* In the 
process, and in the continued work on die design 
chosen, powerful methods are available to predict 
system performance, to compute the influence of 
changes in system quantities upon behavior, and to 
arrive at an optimum design, ^me of the methods 
and areas of knowledge most widely used are 
briefly discussed below. 

Dynamics, Many of the most difficult systems 
problems concern phenomena that change with 
time. In an increasing number of situations designs 
based upon steady-state conditions are no longer 
adequate. The complexity of modern systems 
makes prediction of dynamic behavior extremely 
difficult, but solution is possible if skillful advan- 
tage is taken of (1) the judicious selection of sim- 
plified, but reasonably accurate, models of the ac- 
tual system, and (2) the proper use of .computing 
aids. 

All complex systems taken as they exist are too 
complicated to deal with Hence, the .selection of 
a model, simple enough to be expressible in mathe- 
matical terms, is a key step. In the world of physi- 
cal inanimate components, a well-developed body 
of laws exists which expresses the behavior of sys- 







3f8 firtiMitMgliiMrIiig 

temfl consisting of such components. The form such 
exprossioiis take, however, depends upon the view- 
point and objective of the observer of the system 
behavior. The gross system behavior in the pres- 
ence of known disturbances of the system and of 
its components, not many orders different in size 
and relatively limited in number, may be expressed 
as ordinary or partial differential equations. A 
clear and relatively simple expression tics the be- 
havior of every element to every other element. 
Thus, in an elastic structure subjected to load dis- 
turbances, the vibration of each element can be 
directly determined by the application of Newto- 
nian mechanics. However, the description of the 
behavior of individual molecules of gas in a system 
comprising a great many such molecules cannot be 
conveniently handled in the same manner. In such 
cases statistical mathematics and probability con- 
cepts must be used. The distinction is not one of 
difference in systems, but rather the behavior of 
the system one is interested in. Thus thermodynam- 
ics and statistical mechanics are concerned with 
identical kinds of systems viewed with different 
objectives in mind. Since every model is a simpli- 
fied picture of the actual system, its validity must 
be checked by measurements made on the actual 
system. 

The growing size and complexity of the systems 
being dealt with means that even the simplest use- 
ful model often requires the use of computing ma- 
chines of considerable scope. Both digital and ana- 
log machines are used. 

Optimization of system performance. The cost of 
large systems is great, requiring optimum design 
and operation of such systems. Often the basis for 
the measurement of performance is dollars. The 
design that produces the desired result at minimum 
cost often is regarded as optimum. Even with this 
criterion, however, difficult problems arise. I'he 
load that the system must liandle mav not be 
known. The optimum design for one load level usu- 
ally is not an optimum design for all operating lev- 
els. It may be necessary to express the inputs and 
outputs of the system in statistical form. In addi- 
tion, the properties of the system itself mav change 
with time. These facts have placed increasing em- 
phasis upon the development of self-adaptive sys- 
tems. in which a continuous or periodic measure- 
ment of input and output quantities is made. This 
information is used to compare the actual behavior 
of the system with some prescribed optimum be- 
havior. If such comparison reveals a difference, the 
system changes its properties automatically in a 
manner to approach more nearly the optimum de- 
sign. 

Eumples of complex systems. The engineer 
is called upon to face such extremely complex 
problems as (1) the design of a continental de- 
fense system with adequate detection capability, 
adequate communications, suitable arms and man- 
power, and a clear understanding of how important 
decisions are to be made; (2) the design of a trans- 
portation system involving rail, water, road, and 


air transportation optimized to ipeet the chonginff 
needs of our society; and (3) the design of 
automatic, inexpensive, and more rapid national 
mail service. The construction of such systems 
enormously expensive and involves long-time com- 
mitments of a serious nature. It is essential that the 
solutions developed be as nearly optimum as pogai. 
ble. The problem of optimization, however, is not 
easy. The exact loads that such complex systems 
will face are not known and often can be expressed 
only in statistical fashion. 

The design and building of many large systems 
encompass many fields of endeavor, such as the 
various fields of engineering and science, mathe- 
matics and computation, and the social sciences. 
Hence, specialists in many areas must be called 
upon. Perhaps the greatest responsibility, how- 
ever, falls upon those who carry the burden of the 
design of the over-all system from initial concep- 
tion to a worki^ prototype. Such leaders must 
have broad outlooks. While they cannot be special- 
ist.s in every field, they must be able to communi- 
cate with and lead groups of specialists and brinft 
the best tools available to bear upon the problem* 
which arise in large systems. See Control sys- 
TfcMs; Cybernktics; Human engineering. 

I J.A.H.] 

Component design. By this process the physical 
form of the elements that comprise the system are 
brought into existence. In the design of a system, 
the design of the components of the system should 
be considered coincidentally with the progre*-*- of 
the system design. Reiterative ron^deration of the 
de.sign of the components and the design of the 
system is essential to the optimum design of both. 

A component is an element of an engineerinp 
syCtem. It is defined in- terms of, and satisfies, a 
functional requirement. Usually a component is 
.sufficiently well-defined phy.sicallv that it is easil\ 
distinguishable from the other components in the 
system. For example, it may be an electric motor, 
a hydraulic servovalve, or an electronic amplifier. 
Components may also be combined with other com- 
ponents and packaged together. In systems where 
weight or volume are at high premium, as in mis- 
siles, the components are so tightly integrated 
physically one with another that it may be difficult 
to identify specific components. 

Functional specifications ^ The basic system ex* 
pressed in block diagram form defines the func- 
tional requirements imposed upon the components, 
establishing the component specifications. Com- 
ponent design converts these functional specifica- 
tions to drawings and specifications, which com- 
pletely define the component form, materials, 
construction techniques, finishes, and testing pro- 
cedures, thus making possible the manufacture of 
the component. 

The process of design is difficult to define, but 
one can roughly outline the successive stages 
through which a component design proceeds. The 
initial stage is the most elusive one. The functional 
specifications prescribe some relationship between 



an input and an output variable parameter. The 
role of the design engineer is to determine the^ 
physical form of the optimum device for accom- 
plishing this goal. With an awareness of physical 
principles and a flare for the innovative and ingen- 
ious, he considers a variety of ways in which this 
goal may be satisfied. He then analyzes and studies 
his tentative and often graphical descriptions of 
the several approaches, applying his knowledge of 
the physical sciences, his engineering experience 
as to the advantages and disadvantages of the vari- 
ous means, and his knowledge of the techniques 
and economics of manufacturing processes in- 
volved. From this many-dimensioned comparison, 
one or more approaches that seem best suited to 
the particular problem are selected. 

Ideas thus conceived and analyzed are reduced 
b\ design draftsmen to drawing descriptions ade- 
quate for the fabrication of the components in an 
experimental shop. The experimental hardware i& 
subjected to the scrutiny of experimental testing, 
adjusted, and changed in accordance with these 
le^ts. and new drawing descriptions are made of 
llip component to satisfy better the functional spec- 
ifiiations. The design is ultimately defined in an 
assembly drawing, which shows the relationships 
among all parts of the component, and a number 
(d detail drawings each of which cornpletelv de- 
M rilies a part. See Enginf.kring drawing. 

In addition to satisfying the functional specifi- 
cations as given in the block diagram, the engineer- 
ing designer must consider everything which may 
affect the performance of the component. These 
other considerations also play a vital role in the 
initial innovative stage of the design piocess. 

Environmental design. One such consideration is 
the recognition of the environment in which the 
component must perform its functional task. En- 
vironmental requirements can range from the con- 
trolled temperature, pressure, and humidity sur- 
roundings of a chemical-proce.ss-plant control 

stern to the wildly fluctuating, uncontndlcd envi- 
ronment of a missile control system. The de^'ign 
engineer must recognize the influence of the envi- 
ronment on material choices (temperature in- 
fluences on physical properties), on dynamic oper- 
ation (high accelerations may cause high stresses 
or vibrations), and on other effects. See Environ- 
mental TEST. 

Reliability. If a system is to perform properh, 
its components must be reliable. Therefore, the 
probability of failure of individual components 
cannot be overlooked. The reliability of a compo- 
nent, its ability to perform its intended function at 
the required time, is strongly related to initial de- 
*‘ign. For example, all design analyses must be 
based on conservative assumptions, and the design 
engineer must anticipate potential weak spots. 
Simplicity of design is important, becaifce a 
greater number of parts in a component meAns a 
greater probability of component failure due to 
the failure of a single part. See Reliability of 
equipment. 
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MaimainabUUy. Since 100% relimbftity is nn* 
attainable, another important consideration in 
^mponent design is provision for maintenatice. 
Depending upon system requirements, such main* 
tenance may range from component replacement 
upon any indication of unsatisfactory performance, 
in which case design emphasis will be on identifica- 
tion of faulty performance and easy removal, to 
on-the-job repair of the component where design 
emphasis will be on accessibility. See Maintain- 
ability OF EQUIPMENT. 

Packaging. Along with the foregoing considera- 
tions, the design engineer must arrange the ele- 
ments of the component into mutual relationships 
which best satisfy all the conflicting requirements. 
This .somewhat misnamed ‘^packaging** process 
must optimize the three-dimensional arrangement 
of the component elements, recognizing the com- 
ponent’s spatial relationships to other components 
in the system, while simultaneously satisfying func- 
tional, environmental, reliability, maintenance, and 
other considerations. See Miniaturization of 
equipment; Packaging of equipment. 

Component testing. The design process inevi- 
tably involves the reevaluation of drawing descrip- 
tions of component conceptions as a result of ex- 
perimental evaluation of the merits of such 
conceptions. This design-test process is called de- 
velopment. Successfullv negotiated, it converges 
upon a component design that best satisfies the 
many requirements and is then embodied in a set 
of manufacturing drawings. Manufacturing draw- 
ings are subsequently transformed into physical 
hardware, and then the resulting production com- 
ponents must undergo production tasting before 
they themselves can be integrated into the engi- 
neering system. 

In development test a component first must be 
tested to determine whether it satisfies adequately 
the functional specifications. By means of an ex- 
perimental set-up in which the component is an 
element, the input-output characteristics of the 
component are evaluated. Some of the elements of 
the component may be capable of a certain range 
of adjustments; these adjustments will be system- 
atically altered so as to optimize the functional 
performance of the component. The record of op- 
timum adjustment positions provides a calibration 
of the component, by which it is subsequently pos- 
sible to achieve rapidly the desired functional per- 
formance without recourse to extensive testing. 

The component must also be subjected to a wide 
range of environmental conditions which may in- 
fluence its functional performance. Ideally, the test 
is arranged so that the functional performance of 
the component may be critically evaluated as the 
component is simultaneously subjected to one or 
more of the environmental conditions. 

Since it is not usually possible to define specifi- 
cally and absolutely the eondhions and require* 
ments to be ultimately imposed ppon the system, it 
is therefore not possible to anticipate exactly the 
functional and environmental Ponditions that the 
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component* must satisfy. Tlie designer of the equip* 
.BOMOt end the user jointly prepare specific tests to 
be performed on each component. Required per* 
fonnance of the component is also specified. These 
testa, known as qualificatitm tests, ensure mutual 
understanding of the functional and environmental 
requirements which the component must satisfy. 
Components that perform satisfactorily in qualifi- 
cation tests are accepted for integration into the 
system. See Qualification test. 

Subtystem tost. In a complex system, combina- 
tions of components, called subsystems, are tested 
independently of the over-all system in order that 
their performance may be ascertained before the 
arrangement of the over-all system. It must be rec- 
ognized that the mathematical models, which de- 
scribe the functional specifications imposed upon 
the components or subsystems, are considerable 
idealizations of the performance of the physical 
components or subsystems. Therefore, it is en- 
tirely possible that while an individual component 
may satisfy the functional requirements imposed 
upon it, interrelationships and the crosscouplings 
between undefined characteristics of several com- 


ponents may be such that the physical corabiBatioQ 
of the components will result in ^wration diflereat 
from that predicted from the shuple combination 
of the component’s functional spedfications. Snb 
system testing of several components can thus 
identify mutual characteristics which are not as- 
certainable from the tests of the individual compo. 
nents themselves. 

Syttom tost. Following a sequence of compo. 
nent and subsystem testing, the entire system is 
assembled and subjected to a series of adjustmenu 
and calibrations as defined above in component 
testing. The system is then tested to demonstratr 
satisfactory functional performance under the per- 
tinent range of environmental conditions. Again 
the system developer and the customer carefully 
prepare a statement of the functional and environ- 
mental requirements of the system in the form of 
system-qualifications requirements. When the 8y<« 
tern satisfies the)|e qualification tests, it is com 
pletely developed and is accepted by the customer 

r r-w.m 1 

Bibliography: H. H. Goode and R. E. Machol 
System Engineering, 1957. 
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Tabulata 

An fxtinct group (order) of entirely colonial cor- 
als which were numerous in the Paleozoic seas. 
They first appeared in the Ordovician and became 
extinct in die Permian. Morphology and classifi- 
cation are based on the skeletal structures. 

Externally, the tabulate corals appear as series 
of vertical tubes which may be cylindrical, later- 
ally compressed, or polygonal. The cylindrical 
forms may grow erect with connecting tubules 
between cylinders, or they may grow attached to a 
mollusk or brachiopod shell. Syringopora^ the *‘or- 
gan pipe” coral, is characteristic of the cylindrical 
forms The polygonal forms typically have rows of 
pores in the walls connecting the curallites. Favo~ 
sites, the “honeycomb” coral, is an example of this 
type A corallum composed of laterally compressed 
corallites which bud end to end results in the pe- 
culiar “chain coral,” Halysite^ 

The major internal structure of almost all tabu- 
late corals 18 a vertical series of horizontal plates 
called the tabulae. Septa, the veitic'al partitions so 
fommon in the Rugose corals, are poorly developed 
or absent in the Tabulata In some forms twelve 
rows of weakly developed septal ridges or spines 
are present on the walls of the corallites. See Cof- 
LFNTERATA FOSSILS: RUGOSA. (E.C.ST.] 
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Tacan 

A polar coordinate navigation system in which a 
single emission provides both bearing and distance 
information. Its effective range is 200 nautical 
miles Its accuracy is ±0.2 miles in distance and 1 
degree in bearing. 

The 1 acan ground lieacon operates at a fre- 
quency of from %2 to 1024 and 1151 to 121.5 mega* 
cvcleh (Me), where it emits pulse pairs Each 
pulse has a duration of about 3% microseconds 
and tbe time between pulses of a pair is 12 micro- 
seconds. Transmission occurs on 1-Mc channels; a 
total of 126 ground-to-air channels is provided. A 
total of 2700 paiis of pulses i* emitted randomly. 
In addition, another 000 pairs of pulses are trans- 
mitted to serve an directional references, Tlie 
emitted pulses are radiated bv means of a non- 
directioiial antenna around which two cylinders 
carrying parasitic elements rotate at a speed of 
900 rpm. The inner cylinder carries a single para- 
sitic element while the outer cylinder carries nine 
parasitic elements. In space, there is generated a 
cardioid pattern distorted with nine lobes (see 
Fig 2). 

The Tacan receiver output consists of pulses hav- 
ing amplitude variations corresponding to a 15- 
cycle wave with a pionounced ninth harmonic. 
When the 1.5.5-cycle harmonic wave is extracted 
and compared with the pulses marking the 40^ 
sectors, a highly precise indication of bearing is 
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Fig. 1. Tacan provides navigational information in the form of bearing and distance. (ITT Laboratories) 
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Fig. 2. Tacan. (a) Antenna pattern, (b) Receiver output. 

obtained, which ib ambiguous^ however, in that the 
particular 40"^ sector to which it applies is not 
known. The extracted 15-rycle signal provides the 
indication necessary to resolve the ambiguity. 
Bearing is displayed on a meter which automati- 
cally indicates bearing without ambiguity. 

The Tacan airborne equipment also contains a 
pulse transmitter which continuously transmits 
pulse pairs on 126 channels in the band of from 
1025 to 1150 Me. These pulses are transmitted at a 
rate of about 150 per second when search in time 


for the reply is in process, or 30 pairs pei second 
when the reply has been received and is being 
tracked. These pulses are received at the gn)und 
station and retransmitted via th# equipment pre 
viously mentioned. Pulses sent out in respimse to 
an airborne interrogation replace random puKe^ 
so that the total number transmitted is constant 
When the pulses are returned to the receiver, the 
total time of transit is measured and an aiitomatu 
circuit converts time to slant distance which h 
then indicated on a standard aircraft insUumeni 
At intervals, the pulses sent out are regularized at 
a frequency of 2700 cycles and keyed with the 
Morse code to identify the station. See Navigation 

SYSri-MS, ELECTRONIC. [ P.G.N | 

Bibliography: R. I. Colin and S. H. Dodington 
Principles of Taean, Elec. Commun., 33:11-25 
1956; P. C. Sandretto, Electronic Avigation Engi- 
neering, 1958. 

Tachometer 

An instrument that measures angular speed, 
that of a rotating shaft. The measurement may be 
in revolutions over an independently measured 
time interval, as in a revolution counter, or it ma> 
be directly in revolutions per minute. The instru- 
ment may also indicate the average speed over a 
time interval or the instantaneous speed. Taobome- 
ters are used for direct measurement of angular 
speed and as elements of control systems to fur- 
nish a signal as a function of angular speed. 

Revolution counter. The simplest form of ta- 
chometer is the revolution counter shown in Fig. h 
Held in contact with the rotating shaft, it counts 





fig. 1. Revolution counter. (From D. M. Considine, ed.. 
Process Instruments and Controls Handbook, McGrow- 
Hilh ^957) 

the number of shaft rotations. It is used in con- 
junction with a timer to obtain average speed over 
the elapsed period of time. Accuracy is best for 
uniform speeds measured over long time periods. 

Chronometric tachometer. This tachometer 
counts the revolutions over a fixed interval of time 
and presents the measurement directly in terms of 
speed. The result is the average speed for the time 
interval. The shorter the time interval, the more 
nearly the instantaneous speed will be approached. 

Centrifugal tachometer. The centrifugal force 
developed by a rotating mass is a function of 
speed. Figure 2 shows the essential parts of such a 
meter. This form indicates instantaneous speed It 
IS capable of accuracies on the order of ±1% of 
full-scale value. 

Vibrating-reed tachometer. The vibrating-reed 
tdchumeter consists of a group of reeds of different 
length. The lowest natural frequency of vibration 
uf each reed is a function of its length, mass and 
i ross-sectional dimensions. Observation of the reed 
that IS vibrating forms the means of measuring the 
ficquency of vibration (Fig. 3). The instrument is 
brought into mechanical contact with the device 
whose mechanical frequency, oscillation, or rota- 
tion IS to be measured by touching it to the bear- 
ing support, case, or frame. The reeds may be 
adjusted to an accuracy of d=0.39f and are usually 
giiaianteed to ±0.5%. 

Impulse tachometer. Tachometer- falling into 
this group may be classified as capacitor charging- 
current type, inductor type, or interrupted dc type. 

Capacitor charging-current tachometer. In the 
instrument shown in Fig. 4, the charging ( urreni of 
a capacitor is utilized. The pickup head usually 
contains a reversing switch, operated from a spin- 
dle, which reverses twice with each revolution. The 
indicator responds to the average value of these 
pulses. The indication is proportional to time rate 
of these pulses and therefore to the time rate of she 
‘'Pindle revolutions. The battery voltage must be 
*»leady and the circuit must be adjustechto the ac- 
tual value of this voltage. With a steady voltage, 
this device is capable of good accuracy. 

Inductor tachometer. With this instrument the 
rotating member, which could be a piece of soft 
tron or laminated iron, causes the magnetic flux of 
® circuit, containing a magnet and pickup coil, to 
rise and fall. The rise in flux produces a pnF^ of 
one polarity and the fall of flux produces a pulse 
of the opposite polarity. This is then rectified for 
® P^nnanent-magnet movable-coil instrument. The 
pulses may be produced by a lump of magnetic 


material passing close to a coil having a permn- 
nent-magnet core. Figure 5 shows a torm of this 
tachometer in which the soft-iron piece, or magnet* 
rotates close to the pickup coil. 



Fig 2 Centrifugal-force tochonieter. (From D M Con- 
stdme, ed , Process Instruments and Controls Handbook, 
McGraw-Hill, 1957) 



Fig 3 Vibrating-reed tachometer. (From 0. M. Conii- 
dine, ed.. Process Instruments and Controls Handbook, 
McGraw-Hill, 1957) 



Fig. 4. Capacitor-type Impulse toehometor, (From 
D. M. Considino) ed„ Process Instruments and Cpjnfroli 
Handbook, McGraw-Hill, 1937) 



JiUerrupied dc tachometer. The interrupted dc 
of an ignition-circuit primary^ whether battery-ex- 
ched or magneto-excited, provides a frequency of 
pulses which can be used to measure speed. Fig- 
ure 6 shows a frequency responsive circuit, in 
which current from the battery is interrupted by 
the contactor and excites the ignition coil. The 
voltage drops from these pulses excite the satu- 



Fig. 5. Schematic circuit for an inductor form of 
tachometer. 



Fig. 6. Schematic circuit of an interrupted dc pulse 
type of tachometer, as used with the ignition circuit 
of internal combustion engine. 



Fig. 7. Drag-type eddy-current tachometer. (From 
D. M. Considine, ed.. Process instruments and Controls 
Handbook, McGraw4iill, 1P57) 



Rg, 8. Schematic circuit and components of a drag- 
cup toehoiiieter generator. 


rable-core transformer to produce current, which h 
rectified for the average-reading dc instrument 
Eddy-cumgfrt techomtlgr. this form, also 
known as drag type, is widely used for automobile 
speedometers and for measuring aircraft-engine 
speed. It contains a permanent magnet, rotated by 
the shaft whose speed is to be measured. Qose te 
the revolving magnet is an aluminum disk or cup, 
mounted to a staff with a pointer, pivoted and free 
to turn against a spring (Fig. 7). The pointer U 
associated with a calibrated scale. As the perma- 
nent magnet revolves, eddy currents are produced 
in the disk or cup. The magnetic fields caused by 
these eddy currents produce a torque, which acts 
in a direction to resist the turning magnet field. 
The cup or disk will then turn against the spring. 
The disk or cup turns in the direction of the rotat- 
ing-magnet field and will turn (or be dragged) 
until the torque developed by the eddy currents 
equals that of thjp spring. An accuracy of 10 rpm 
in a full scale of 3000 rpm may be obtained. The 
movable member may be revolved through as much 
as 1080^. affording high resolution in indication. 

Drag-cup generators, which also use eddy cur- 
rents, find a use in control systems. They have 
two stationary windings, positioned so as to have 
zero coupling, and a nonmagnetic metal cup, which 
is revolved by the source whose speed is to be meas- 
ured (Fig. 8). One of these windings is used for 
excitation, inducing eddy currents in the rotating 
cup. These eddy currents in the cup produce a 
field which induces in the other winding an emf 
proportional to the speed of the Atating cup and 
at the same frequency as the exciting source. These 
generators usually have a high degree of linearity, 
low electrical noise and low starting and running 
tofque. The output emf and energy are also low. 

Velocity-head tachometer. With this type of 
tachometer the device whose speed is to be meas- 
ured drives a pump or blower, producing a fluid 
flow, which is converted to a pressure. Figure 9 
shows a form of this tachometer that not only indi- 
cates the speed but produces a tape recording. 
This form is used on railroad locomotives. The tape 
is moved by the drive shaft whose speed is being 
measured. 

Electronic tachometer. Circuits including vac- 
uum tubes or transistors are sometimes needed to 
amplify weak pulses or to shape pulse waves. These 
pulses may be produced by photoelectric, mag- 
netic or inductor transducers. These shaped waves 
are applied to frequency-responsive circuits, recti- 
fied, and applied to a dc milliammeter. 

Electronic counters, also known as EPUT 
(events per unit of time) meters, are designed to 
measure frequency, whether sine-wave or pulse. 
The input pulse waves, clipped and shaped by a 
discriminating circuit, are allowed to pass through 
a gating circuit to the displaying decade counters. 
The open time of the gate is controlled by a crystal 
oscillator or other suitable time base. The display* 
ing counters are responsive to the number of pulses 
passed by the gate in a definite tim^. The accuracy* 




established by the time-base generator^ can be bet- 
ter than 0.01%. Since the display counters or read- 
out may be read to =fcl count, the number of pulses 
applied to the input should be sufficiently high to 
realise its inherent accuracy. See Frequency 

COUNTER. 

Etedric-gmarator tachomalar. A widely used 
and flexible form of electric tachometer comprises 
a combination of electric generator and indicator 
There are two principal forms of these tachom- 
eters. (1) a dc generator with a do voltmeter and 
(2) an ac generator with an ac voltmeter (or dc 
voltmeter with rectifier). In either case, the emf 
developed is proportional to the shaft speed. 

The ac generator form may include a circuit 
that is responsive to frequency but is affected onl> 
slightly by voltage, giving greater accuracy. 

DC generator. The dc tachometer is a small per- 
manent-magnet generator with an output of 2 10 
volts per 1000 rpm. A high-resistance voltmeter, 
calibrated in rpm, indicates the speed. 

The dc generator assumes a polarity dependent 
upon direction of rotation. When used with a zero- 
renter indicator, the instrument will indicate the 
direction of rotation. With standardizing, an accu- 
racy in the order of 0.25-0.1% may be realized. 
See Direct-current genfrator. 

The low starting and running torque makes it 
useful for measuring wind velocity. In addition to 
measuring speed, the dc tachometer is used as a 
stabilizing component in velocity servomechanisms. 
See Control systs ms. 

AC generator. The ac tachometer (an be con- 
structed with a stationary winding and a revolving 
permanent-magnet field. Both generated voltage 
and frequency are proportional to speed of rota- 
tion. The voltage may be rectified and applied to a 
permanent-magnet moving coil insliumcnf cali- 
brated in rpm. See Alternaiinc.-currfnt cfnfra- 
TOR. 

By the addition of a saturable-core transformer 
to the instrument circuit, as shown in Fig. 10, the 
instrument indication becomes frequency-respon- 
sive and onlv slightly affected by voltage, affording 
greater accuracy. 

The difference of two speeds mav be measured 
or indicated by connecting the outputs of two 
speed-measuring circuits to a differential bridge as 
shown in Fig. 11. The individual speeds may also 
be indicated. This difference of speed indication is 
independent of the actual speeds. 

If one of the generators is replaced by a fixed 
frequency, the other speed may ber measured in 
reference to this frequency or the scale mav be 
calibrated in terms of the speed. This circuit also 
affords the means for suppressing as much an 90% 
of a speed range and allowing the top 10% to oc- 
cupy the entire scale. [a.h.wo.] 

Bibliography: M. F. Behar (ed.), Handbook of 
MeasuremerU and Control^ 1951; D. M. Coasidine 
(ed.), Process Instruments and Controls Hand- 
hook, 1957; E. A. Griffiths, Engineering Instru- 
ments and Meters, 1920. 
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Fig. 9. Sectional view of velocity-head-type tachom- 
eter (From D. M Considine, ed.. Process instruments 
and Controls Handbook, McGraw-Hill, 1957) 


milliommeler 



Fig. 10. Schematic circuit of an ac tachometer in 
which a saturable-core transformer is used. (From 
0. M. Considine ed.. Process Instruments and Controls 
Handbook, McGraw-Hill, 1957) 



Fig. 11. System employing twe*ac tachometers for 
indicating Indivlduol ond differential speeds^ CFeem 
0. M. Considine, ed.. Process instruments and Centrals 
Handbook, MeGraw-Hill, 1957) 
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TAcoiiito 

Hie name given to the siliceous iron formation 
from which die high-grade iron ores of the Lake 
Superior district have been derived. It consists 
chiefly of fine-grained silica mixed with magnetite 
and hematite. As the richer iron ores approach ex- 
haustion in the United States, taconite becomes 
more important as a source of iron. To recover the 
ore mineral in a usable form for the production of 
iron, taconite must be finely ground, and the mag- 
netite or hematite concentrated by a magnetic or 
other process. Finally, the concentrate must be 
agglomerated into chunks of size and strength suit- 
able for the blast furnace. See Iron (kxtraciion 
I'ROM ore); Ore and mineral deposits; Ore 

DRESSING. f r.S.HU.] 

Taeniodonta 

These extinct quadrupedal land mammals are 
known from early Tertiary deposits in the United 
Stales. One group, the Stylinodontinae, are adap- 
tively convergent with many of the ground sloths; 
for in their evolutionary succession is seen the 
development of large size, of deep, massive lower 
jaws, of a reduced number of simplified, peglike 
upper and lower teeth with enamel remaining only 
as lateral bands, of curved and somewhat shearing 



Side view of lower jaw of a middle Poleocene 
toeniodont, Psiffachothenum, (After Matthew, 1937) 


canines resembling rodent incisors, and of large, 
laterally-flattened claws. This succession leads from 
Wortmania of the early Paleocene to Styhnodon of 
the upper Eocene. The animals of the other group, 
Conoryctinae, ranging from Onychodectes of the 
early Paleocene to Conoryctes of the middle Pale- 
ocene, remain small to medium-sized and have less 
specialization in dentition and skeleton. Con- 
oryctines developed enlarged canines, but the lower 
jaws were unspecialized and the cheek teeth, 
though simplified, remained low-crowned, enamel- 
enclosed, and cuspidate. 

Taeniodonts probably arose from a generalized 
Cretaceous stock that would presently be assigned 
to the Insectivora. See Insectivora fossils, f d.e.s.] 

Tail assembly 

The assembly of the vertical tail, the horizontal 
tail, and a small section of the rear of the fuselage, 
as illustrated. 


The vertical tail consists of g fin is fixed 

to the fuselage or body and a rudder wlddi k 
movable by the pilot. The fin (fixed portion) k 
symmetrical airfoil which is in line with the center- 
line of the fuselage. In steady flight, the rudd^ k 


rudder 



fuselage 


Principal parts of tail assembly. 

stationary and approximately in line with the fin 
The purpose of the vertical tail is to keep the air 
plane in line with the direction of motion or rela 
live wind velocity. 

In actual practice, the rudder may be slighth 
offset from the fuselage centerline to produce a 
small force on the fin to balance an> slight dif 
ference in drag of the wings. 

The span of the horizontal tail lies in a horizontal 
plane and usually consists of a stabilizer and eleva 
tor. The stabilizer and elevator are symmetrica) 
airfoil sections whose usual position is not in line 
with the fuselage centerline. 

The principal purpose of the horizontal tail is to 
provide a balancing tail load so that the weight of 
the airplane, the lift, and the hon/oiitdl tail load 
are in equilibrium for a specific airspeed. See Aik 

FLANF. 

The elevator is moved by the motion of the 
pilot’s control stick and can be moved rapidl> 
whereas the stabilizer can be moved slowly b^ 
means of a trim control which is independent of the 
control stick motion. 

Airplanes which operate at speeds greater than 
80% of the speed of sound have tail surface*^ 
which are sweptback 3.S-40®. See Starilizer. 

Airplanes which operate at supersonic speed*? 
usually have the horizontal tail sweptback and in 
one piece which is movable and is controlled by the 
motion of the pilot’s control stick. Such a surface 
is often called a stabilator. See Airframe. [r.g.bo.1 

Talc 

A hydrated magnesium silicate approximating in 
composition to Mg'iSi 40 io(OH) 2 . Chemical anal- 
yses frequently show percentages of calcium oxide, 
CaO, aluminum oxide, AI 2 O 1 , and other oxides, but 
these arise mainly from impurities^ Small amounts 
of AlxOs may enter the talc structure. The struc- 
ture is closely related to that of the micas, and 
consists of electrically neutral magnesium silicate 



igyers bonded together by weak, aecondary valcn- 
cies. Th® mineral is therefore extremely soft (hardn. 
ness 1 scale) and possesses a perfect 

cleavage. The atoms within the layers are 
Wrongly bonded so that the mineral is highly stable, 
both to acids and to thermal treatment. See Sili- 
cate minerals; Solid-state chemistry. 

The word talc or soapstone is applied also to 
passive materials which may contain many other 
mineral constituents than talc itself. The more com- 
mon associated minerals are other magnesian sili- 
cates such as serpentine, chlorite, tremolite, and 
the carbonate minerals, calcite, dolomite, and mag- 
nesite. Steatite is a term applied to relatively pure 
compact and massive materials containing mainly 
the mineral talc ; steatites should contain not more 
than about 1.5% CaO, 1.5% combined FeO, Fe^Oi, 
and 4% AUOa. See Soapstone. 

Talc occurs as a secondary mineral resulting 
from the hydration of magnesium-bearing rocks 
and the alteration of minerals such as pyroxenes, 
amphiboles, and olivine. Fibrous talc is often 
closely associated with, and probably derived from, 
tremolite, and the fibrous character is inherited 
from the parent mineral. The major talc-producing 
states are New York, California and North Caro- 
lina The major talc-producing areas of the world 
are the United States, France, Italy, Austria, and 
lapan (precise data for the U.S.S.R. and China 
are not available) . 

Talc IS a widely used raw material. Figures for 
laic sold or used by the producers in the United 
‘states in 1957 show that over 30% went into ce- 
ramic applications, 20% was used in paints, and 
about 10% for insecticides The remainder, was 
used in a wide variety of applications Tn the ce- 
ramic industry, talc is used in many whiteware 
bodies, tableware, electrical porcelain, high fre- 
quency insulation, and glazed wall tiles Talc ap- 
paicntly imparts greater resistance to mechanical 
stresses arising from temperature ditlcrences, and 
mav also pi event crazing. In paints, talc is used as 
an extender and as a pigment. It is used as a fiUer 
for paper, rubber, and asphalt. In the cosmetics in- 
dubtry, it is used in toilet powders, soaps, and 
creams. Massive talc is cut into slabs and used for 
laboratory tables, sinks, sanitary appliances, acid 
tanks, electrical switchboards, mantels, and hearth- 
stones. ro.w.BR.] 

Tall oil 

A by-product from the sulfate process for ^R^ing 
cellulose. Tall oil and its derived products nnd m- 
dustrial applicatipns in the production of a e 
sives, binders, wetting agents, soaps, driers. 
hers, flotation agents, linoleum, printing in s, tex 

tile finishes, and varnishes. 

Pine wood is digested under pressure with alkali 
and sodium sulfate. Rosin acids and ^R^^y 
extracted from the pulp as soaps. So-called sjil a e 
turpentine is also recovered during the treatmen . 

Addition of mineral acids to the soaps of the 
rosin acids and fatty acids, and subsequ^t reftn- 
ing, gives a mixture of rosin and fatty acids now 


fttUt 

as liquid rosin, or tall oil. One ton of pulp yieMa as 
much as 100 Ib of tall oil. Over 350,000 tops of crude 
Ull oil was produced in 1958 in the United States. 
Tall oil yields rosin and fatty acids at lower cost 
than other sources. 

Refining of tall oil by fractionation began on on 
extensive scale in 1942. Details varv from plant to 
plant, but all basically use injected steam and re- 
duced pressures to keep rosin and fatty acids from 
decomposing. The crude rosin and fatty acids are 
further up-graded to fulfill specific requirements. 

About 90% of tall oil is composed of acidic ma- 
terials. containing approximately equal parts of 
rosin acids and fatty acids. The remainder is a com- 
plex mixture of fatty acid esters, sterols, higher 
alcohols, hydrocarbons, and decomposition prod- 
ucts resulting from the prolonged high tempera- 
tures used to distill the oil. The fatty acids are 
mainlv oleic and linoleic acids. Smaller amounts of 
linotenic and palmitic acids are also present. 

Modern methods of refining have produced 
grades of rosin and fatty acids each containing as 
little as 3% of the other. Treatments have been de- 
veloped to remove odor and color. Purification of 
tall oil by partition between ii.miisrible solvents 
has been exploied. If tall oil is cooled, rosin acids 
will crystallire. Recr\ stall ization fiom suitable sol- 
vents such as methanol gives pure rosin acids. 

Attempts are being made to develop tall oil rosin 
as a possible substitute for gum and wood rosin. 
Future lesearch will determine the feasibility of 
this replcK ement. See Drying oil; Rosin; Torpfn- 
riNf ; Wood rM^MI(Als. |e.l.s.] 

Talus 

A heap or sloping «heet of loose rock waste at the 
base of a cliff or steep slope. Talus and its English 
equivalent, scree, <ire terms properly applied to the 



Frogmantol rocks on norfh stop* of Mud Criqk 
yon, abovo the fimbor Rnos. SkMyou CoMnty/C•rtllo^ 
nia. (l/SGS) 


entire fonn enl isKit to the {ragmental material it- 
eelff whksh is rods waste or sUderock. Where the 
snpfily ol rock waste is fuimeled downward throud^ 
a not^ or channel^ a conelike talus usually devel- 
ops. 

Cbemieal weathering of susceptible layers or 
■ones in a cliff weakens the support of overlying 
rociL Recurrent temperature changes and the freez- 
ing of water in narrow cracks tend to force joint 
blocks outward from their original positions. Loos- 
raed by these processes, blocks topple from the 
cliff and fall to the talus, where they slide or bound 
to a position of rest. 

The upper part of a talus is characteristically 
steep, consists of coarse, angular rock waste, and 
is easily set in motion by falling blocks or by climb- 
ers. In cold climates its interstices may contain 
snow or ice for much of the year. The lower part 
is usually leas steep and may be partly filled with 
finer rock debris and soil on which vegetation can 
gain a foothold. [c.f.s.s.] 

Tanag^r 

Any of many species of moderate-sized, blunt-billed 
perching birds of the family Thraupidae, all in the 
Western Hemisphere. Tanagers are often brightly 
colored, including brilliant red, orange, yellow, and 
blue species. The females are usually relatively dull 
in color. Most of the tanagers occur in tropical 
America, especially Central America. Four tana- 
gers, all in the genus Piranga^ reach the limits of 
the United States. The scarlet tanager, P, olivacea, 
is found over eastern Canada and the eastern 



The icorlet tonoger, Pirongo elivoeao; length to 7H 
In. (Hof H. Harrison, National Audubon Soeioty) 


United States; the male » a biiUient ae^riet, wiA 
black wings and taiL The sunmigr tanager,/’. rubr± 
found from Delaware to Nevada and soufbwaid, 
a uniform, dull red. The westeili tanager, P. 
viciana, is yellow with a black tail, black wings and 
a red face; it is found throiigbu>ut the western 
United States. The hepatic tanager, P. fiova^ of the 
Southwestern mountains, is similar to the summer 
tanager, but darker. See Passeriformes. 

Tanaidacea 

An order of the eumalacostracans of the superorder 
Peracarida, derived from the genus Tanais Audouin 
and Milne-Edwards 1829. These animals have a 



Tanaidacea. (AHer G. O. Sors). (a) Apseudes spinosus 
(AA. Sars), female; (b) Sphyrapus anomalus G. O 
Sars, female; (c) Sphyrapus anomalus G. O. Sars, 
male; id) Tanais cavo/ini Milne-Edwards, female, 
(e) Heterotanais oersted! (Krbyer), female; (f) Hetero- 
tanais oersted! (Kroyer), male; (g) Leptognathia filf- 
formis (Lill|eb.), female. 

world-wide distribution and with few exceptions are 
marine. They occur from the shore down to abyssal 
depths. They are free-living and benthonic. The 
order is divided into 2 suborders with 5 families, 
44 genera, and about 350 species. The body is lin- 
ear, more or less cylindrical or dorsoventrally de- 
pressed (Fig. 1), Thoracic segments 1 and 2 are 
fused with the head, forming a carapace enclosing a 
respiratory chamber on each side, and the last ab- 
dominal segment is fused with the telson. The left 
mandible has a lacinia mobilis, while this structure 
may be present or absent on the right mandible. 
Eight pairs of thoracic legs are present, of which 
the first pair are maxillipeds, the second pair cbeli- 
peds, and the following six pairs pereiopods. The 
third pair in Monokonophora^ as a rule, is fossorial, 
and the cbelipeds and first pair of pereiopods usu- 


jly have veatigial exopoditea. Pleopoda may be 
present or abaent, and the oropoda are filiform. 

The nervoua system conaiata of a brain, a sub- 
esophageal mass, and a ventral chain. Eye lobes 
are present and sessile, with or without visual ele- 
ments. Antennulae, especially in the males, have 
aesthetes. Sense hairs or sense spines are found on 
the segments and legs. 

In the reproductive organs, the gonads are dou- 
ble. The oviducts open laterally at the base of the 
fourth pair of pereiopods. The vasa deferentia have 
a common vesicula seminalis, which is ventro- 
median on the last thoracic segment. Hermaphro- 
ditism, protandry, and protogyny can occur, and 
spx dimorphism is common. The antennulae are al- 
ways different in the two sexes. Differences can 
occur also in the shape of the head, the mouthparts, 
the chelipeds, the first pair of pereiopods, and the 
pleopods. 

The alimentary canal consists of a ventral mouth, 
a stomach with a complicated filter and masticatory 
apparatus, a syncytial midgut, and a terminal anus. 
As a rule, there are two pairs of hepatopancreas. 
The excretory organs are a single pair of maxillary 
fi;]ands. 

The females produce several broods, each pre- 
ceded by a molting, by which the exterior morphol- 
ogy may undergo considerable altefations. The 
eggs develop in an incubatory pouch formed bv one 
or four pairs of oostegites in which the embryos are 
dorsally flexed. The newly hatched larva lacks the 
last pair of pereiopods and the pleopods. The 
\oung probably undergo four larval (the manca) 
stages. See Peracarioa; Sexual dimorphism. 

rK.L.i 

Bibliography: K. Lang, The postmarsupial de- 
velopment of the Tanaidacea, Arkiv ZooL, 4:40^ 
422, 19.S3; K. Lang, Neotanaidae nov. fam., with 
some remarks on the phylogeny of the Tanaidacea, 
Arkiv ZooL, 9:469-475, 1956; K. Lang, Protogynic 
bei Twei Tanaidaceen-Arten, Arkiv ZooL, 11:535- 
S40, 1958; R. Siewing, Bestcht einc engere Ver- 
wandschaft zwischen Isopoden und Amphipoden? 
Zool. Anz., 147:166-180, 1951; R. Siewing, Mor- 
phologische Untersuchungen an Tanaidaceen und 
Lophogastriden, Z, wiss, ZooL, 157:333“426. 1954; 
T. Wolff, Crustacea Tanaidacea from depths ex- 
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Tangent 

A term describing a relationship of two figures 
(usually of the same dimension) in. Ac neighbor- 
hood of a common point. The figures arc tangent 
at a point P if they touch at P but do not intersect 
in a sufficiently small neighborhood of P. To be 
more precise, if P denotes a point of a curve C, a 
line L is a tangept to C at P provided L is the 
limit of lines joining P to a variable point Q of C, 
as Q approaches P along C (that is, ft)r J? suffi- 
ciently close to P» the line PQ is arbitrarily close 
to £r). If curve C has equation y * /(*) point 
P on C has coordinates (xo^yo)^ it i® shown in the 





Line L tangent to curve T at P 

calculub that the slope of the line tangent to C at 
P is the value of the derivative f^(x) for x « xo. 
See Calculus, dh ferlntial and intlgral. 

[l.m.rl.] 

Tangerine 

A name applied to certam varieties of a variable 
group of loose-skinned citrus fruits belonging to 
the species Citrus retuulata. Although mandarin 
and tangerine are often used interchangeably to 
designate the whole group, tangerine is applied 
more strictly to those varieties having deep orange 
or scarlet rinds whereas the term mandarin is more 
properly used to include all members of this quite 
variable group of citrus fruits. See Mandarin. 

In the United States the main tangerine varieties 
are Dancy, grown widely in Florida on 23,000 acres, 
and Clementine, also called Algerian tangerine, 
grown chiefly in California and Texas. A number 
of hybrids, both spontaneous and man-made, are 
delicious and popular fruits. Important among 
these, and planted quite extensively, are the tange- 
]o8, which are hybrids between Dancy tangerine 
and grapefruit. 

Dancy and Clementine tangerine trees are me- 
dium-sized with rounded tops bearing leaves 
pointed at the tip and rounded at the base, and 
having narrowly winged petioles. The flowers are 
white and small. The fruits are deep orange, loose- 
skinned, medium-sized to small, and possess small 
seeds with green cotyledons. Tangerines are easily 
peeled and eaten as fresh fruit. The average annual 
value of the tangerine crop in the United States for 
the past 10 years approximates $8,500,000. See 
Fruit (tree) ; see also Flower (botany) ; Fbuit 
(botany); Leaf (botany); Seed (botany). 

[FvE-C.] 

Tank 

A container for storage of liquid or gases. A ttide 
may be constructed of ferrous or nonferroqs metids 
or alloys, rdnforced concrete, or wood. d»|MiM&tg 
Qpon the use for which it is to be built Tanks xMt> 



MO fOMcctvcyit 

iJOig on tbe groand have flat bottoms; those sup- 
ported on towers have either flat or curved bot- 
toms. Standpipes, which are usually cylindrical 
shells of either steel or reinforced concrete resting 
on the ground, are frequently of great height and 
comparatively small diameter. They are built to 
contain water for a distribution system, and height 
is required to maintain pressure in the system. 
Tanks for other liquids and for gases, where stor- 
age is more important than pressure, are generally 
lower and of greater diameter. 

Steel is usually the preferred material for stand- 
pipes because of the difficulty of securing water- 
tightness in concrete shells with relatively high 
head. Unless painted regularly, steel standpipes 
are subject to rapid deterioration. Well-con- 
structed concrete tanks need no surface treatment 
and are easily maintained. 

Distribution-system pressure requirements limit 
the allowable fluctuation in water level in a stand- 
pipe or elevated tank to 25-30 ft. Therefore, unless 
a standpipe is located on high ground, only that 
volume of storage above the elevation required to 
give the necessary pressure is available for use. 
Elevated tanks become economical when the cost 
of the tower is less than the cost of the supporting 
portion of the standpipe below its useful head. 

Elevated tanks for water storage are built of ei- 
ther steel or aluminum with storage capacities up 
to 2,000,000 gal. The higher initial cost of an all- 
aluminum tank may be offset by the need for less 
maintenance. 

Elevated tanks with diameters less than about 
50 ft usually have hemispherical bottoms. Bottoms 
of ellipsoidal or radial-cone shape are used on 
tanks of larger diameter. The roof may be conical 
or dome-shaped. 

Prestressed-concrete tanks in which the concrete 
is in compression even when the tank is filled with 
water are constructed by a process used extensively 
in the United States. Wire is wrapped around a 
cylindrical concrete tank wall by a wire-winding 
machine suspended from a track placed on top of 
the wall. The wires are stressed to approximately 
140,000 psi and are finally covered with a thin coat- 
ing of pneumatically applied mortar. Prestressed- 
concrete tanks are watertight and require very 
little maintenance. 

Molded plastic tanks in cylindrical and rectan- 
gular shapes and plastic liners for metal tanks are 
widely used in the chemical industry, [c.n.c.] 

Tank circuit 

The term tank circuit refers to an inductor and 
capacitor in parallel. The term is quite often used 
to denote the parallel resonant circuit in the output 
stage of a radio transmitter, but it has been applied 
to any parallel resonant circuit. In many cases the 
inductance in the tank circuit is one winding of a 
two-winding, air-core transformer. The secondary 
is connected to some load, such as an antenna. 
Power is delivered from the source to the load 
through the tank circuit, with an effort usually be- 


ing made to adjust the param^ers for maximiuQ 
power transfer. See ImpedancsI matching; 

NANCE (ALTERNATING-CURKENT CIRCUITS) ; TraNs. 
FORMER. 

Since the tank circuit is a parallel resonant cir. 
cuit, the parameters can be chosen so that at a de- 
sired frequency the voltage across the tank circuit 
will be a maximum. In radio transmitters this 
would be done by varying the capacitance, but in 
other situations, such as oscillators, the inductance 
could be varied by means of a tuning slug in thr 
coil. See Oscillator. 

Tank circuits have an important role as a plate 
load in Class C amplifiers, where the plate current 
flows for only a small fraction of a cycle. If the 
damping In the circuit is small and the circuit U 
being excited at its resonant frequency, then the 
plate-current impulses will produce a sustained 
sinusoidal voltage across the tank. If a load is 
transformer-coupled to the tank, the voltage acros<« 
the load will be* sinusoidal. See Amplifier. 

\ H.F.K.] 

Tannin 

A generic term for a widely occurring group of sub- 
stances of vegetable origin, capable of renderini^ 
raw hides into leather. They are obtained from 
various plant sources; common tannin (tannir 
acid) occurs in oak gallnuts (Turkish nutgall con- 
tains 50-60%, Chinese nutgall about 70%); tan- 
nins are also present in tea, sumac, oak bark (the 
word tan itself means oak bark), and mangrovt* 
bark. Tannin from the latter source is known as 
cutch, and is produced on a large; scale, especialh 
in Malaya. 

The usual method of preparation involv(;s break- 
ii»6 or crushing of the bark or gallnuts into small 
pieces; these are then washed and boiled with wa- 
ter until the tannin has been extracted. After sepa- 
ration of insoluble matter, the thick, reddish- 
brown, viscous extract is evaporated, leaving the 
crude tannin as a hard cake. Purification may be 
effected by extracting the crude material with an 
alcohol-ether mixture; evaporation deposits the 
tannic acid as a colorless, noncrystalline mass. 
Tannic acid may also be prepared by heating gallic 
acid with phosphorus oxychloride. 

Substances capable of tanning, and hence called 
tannins, are often of greatly different chemical 
structure; all tannins, however, have the properly 
of converting the gelatin of hides into insoluble 
non putrefying material, thus changing the hide 
into leather. In general, tannins are noncrystalline 
when solid, but readily soluble in water or alcohol 
to give colloidal solutions that are strongly astrin- 
gent and therefore useful in medicine. Tannins 
have long been used in compounding inks, because 
they form greenish-black or bluish-black colors 
with ferric salts. 

Tannins may be divided into three R|l|lR classes: 
(1) condensed tannins that cannot be nydrolyzed 
either by acids or enzymes (these include the aca- 
catechin and isoacacatechin tannins and the gam- 



bir catechin tannins; all contain highly substituted 
phloroglucinol nuclei) ; (2) hydrolyzable tannins, 
for example, gallotannins, ellagitannins, and cirf- 
{etannins; and (3) tannins of unclassified nature. 

Gallotannin, from which is obtained the tannic 
acid of commerce and medicine, is present in oak 
galls. It is a mixture of the gallic acid esters of 
glucose, one of which is pentadigalloylglucose, the 
(Jigallic acid moiety having the following struc- 
ture: 



These esters are called depsides. 

Tannic acid, USP, is a mixture of compounds of 
gallotannin type. It is a light yellow powder of 
very astringent taste, much used in styptic prep- 
arations and ointments. The aqueous solution of 
tannic acid is used in treating burns, because it 
precipitates the burned protein, forming a non- 
putrefying, protective layer under which new tis- 
sue can grow. See Leather and fur processing. 

[e.b.r.J 

Tantalite 

A mineral with composition (Fe,Mn)Ta206, an 
oxide of iron, magnesium, and tantalum. Colum- 
bium (niobium) substitutes for tantalum in all pro- 
portions; a complete series extends to columbite 
(Fe,Mn)Cb20«. Pure tantalite is rare. Iron and 
manganese vary considerably in their relative pro- 
portions, It crystallizes in the orthorhombic system 
and is common in short prismatic crystals. There is 
perfect side pinacoid cleavage. The hardness is 6, 
the specific gravity 7.95 (pure tantalite). The lus- 
ter is submetallic and the color iron black. Tanta- 
lite is the principal ore of tantalum. It is found 
chiefly in granite pegmatites and as a detrital min- 
eral. in .some places in important amounts, ha/ing 
weathered from such rocks. The chief producing 
countries are the Congo and Nigeria. See Niobium ; 
Tantalum. f c.s.hu.] 

Tantalum 

A chemical element, Ta, atomic number 73, and 
atomic weight 180.95. Tantalum is a metal in the 
fifth subgroup of the periodic table, and it is in the 
transitional series. Its valence-electron con- 
figuration is 5d*65% which results in a maximum 
oxidation state of 5+. Oxidation states of II, III, 
and IV also arc reported. The Goldschmidt radius 
for the ion is 0.73 A. Tantalum is found in 
nature with its lower-atomic-n umbered homolog 
niobium in the following ores: columbite or 
lite, (Fe,Mn)(Nb,Ta)206, ^ 

element is predominant; euxenite, Y,Ca,Ce,U,in, 
(Nb,Ta,Ti)20e; and by itself in microlite, 
(Na,Ca)2Ta206(0,0H,F). TanUlum occurs in the 


‘ Mil' 

earth’s crust to the extent of 2.1 X III 

the principal source of niobium and taintaliiiii ewN 
centrates was Africa. The United Sta^ aiq^ptted 
only a small percentage of the world ' produclloiu 
More than 50% of the tantalum metal produced 
in 1957 was used in the manufacture of capacitors^ 
Tantalum also has been studied as a container for 
the uranium-bismuth slurry in the liquid-metal-fuel 
reactor experiment and in the Los Alamos molten- 
plutonium reactor experiment. It is also used f<^ 
heat-transfer surfaces in chemical production 
equipment, especially where extraordinarily corro- 
sive conditions exist. Because of its high cost, how- 
ever, it has had limited application. Its chemical 
inertness has led to dental and surgical applica- 
tions. 

lo vlio 0 



Metallurgical extraction. The coexistence of 
niobium and tantalum in ores and the similarity in 
their properties require a fractional method of 
separating one from the other. Until recently, the 
fractionation had been accomplished by .crystalli- 
zation of the salts from fluoride systems, taking 
advantage of the fact that niobium tends to form 
oxygenated species such as NbOFs"" under concen- 
tration conditions at which tantalum crystallizes as 
the salt of the TaF:"' ion. The niobium salt is more 
s«>luble than the tantalum salt. Recently developed 
methods of separation involve liquid-liquid extrac- 
tion procedures. In one such process, the aqueous 
solution of metal ions containing 0.5 N HCl and 
3.3 N HF is treated with an organic solvent such as 
methyl isobutyl ketone. The tantalum species arfe 
distributed preferentially into the organic phase, 
with the niobium species conccnti^ating in the 
aqueous phase. The organic phase »» back ex- 
tracted with water to recover the tantalum. Tanta- 
lum and niobium are recovered as the oxides from 
the aqueous phases by complexing the fluoride with 
boric acid, and precipitating the oxide with aque- 
ous ammonia. The precipitate obtained from the 
initial aqueous layer is '98% niobium oxide, and 
that from the organic layer is 99.5% tantalum ox- 
ide. In the absence of hydrofluoric acid and at 
very high hydrPchloric acid concentrations, the 
niobium concentrates in the organic phase and the 
tantalum remains largely in the aqueous pfaa^. 
Other methods based on anion exchange have also 
been reporied. See Solvent EXTRAcrioN. 

properties. Metallic tantalum can be prepared 
by the elcctrelysis of fused KjiTaF? or by^the.^ 


of «&e oxide with active metals or carbon. 
'J^^Tl^dhet h bbt^ned which, after being washed, is 
dtal|igOted into bars in presses and then sintered 
te-d vocuimi furnace with the bar acting as the 
element. The bar is then cold rolled to 
: dheets or wire. Tantalum metal has a density of 
.16.6 g/cm^ and crystallizes in the body-centered 
cubic system. It has a melting point of 2996^C and 
a boiling point greater than 4100^0. It has a cross 
section for capture of thermal neutrons of 21.3 
bams. Although the standard oxidation potential 
for tantalum metal for the reaction 

2Ta + SHaO — ^ Ta 205 + lOH'*' 4* lOe 

is 0.71 volts, the metal in actual practice is quite 
inert to acid attack except by hydrofluoric acid. It 
is very slowly oxidized in alkaline solutions. The 
halogens and oxygen react with it on heating, and 
at high temperatures, it absorbs hydrogen and com- 
bines with nitrogen and carbon to form carbides 
and nitrides. 

The aqueous chemistry of tantalum is practically 
nonexistent except for the fluoride and very strong 
mineral acid solutions because of the insolubility 
of most of the tantalum compounds. The nature of 
the species in the strong acid solutions is not well 
understood. The reduced states of tantalum are not 
produced in an aqueous solution. 

Principal compounds. The oxide, fluoride, chlo- 
ride, bromide, and iodide of the V oxidation state 
are the most important binary compounds of tan- 
talum. Tantalum (V) oxide has a melting point of 
1470^C and is best made by heating the metal in 
oxygen. When the Ta^ oxide is dissolved in fused 
alkali hydroxides or carbonates, tantalates 
(Ta 04 ~‘‘) result which are insoluble in water and 
hydrolyze to the oxide upon washing. Tantalates of 
the general composition TaeOio®" which are soluble 
in water can be prepared. The hydrated oxide js 
precipitated from these solutions upon the addition 
of acid. The oxide is insoluble in all acids at mod- 
erate concentrations except in hydrofluoric acid; it 
is slightly soluble in concentrated mineral acids. 

The pentahalides are all low-melting, low-boil- 
ing compounds which hydrolyze to give the oxide 
when placed in water. They are prepared by direct 
action of the halogen on the metal or by action of 
dry hydrogen halides on the metal. 


Tantalum pantahalMaa, TaX^ 



Melting 
point, ®C 

Boiling 
point, ®C 

TaF* 

9.5.1 

229.2 

TaCU 

220.0 

239.3 

TaBrs 

280.0 

348.8 

Tal» 

543 ± 0.5 

496 ± 2.0 


The chemistry of the reduced states of tantalum 
has not been thoroughly explored. Tantalum tetra- 
chloride and tetrabromide have been prepared by 
reduction of the pentahalides by hydrogen in an 
electric discharge tube. The tetrabromide is known 
to diap^portionate to the III ami V oxidation 


states at 3WC, and the HI ati^ to die I{ and V 
states at still higher temp^aturei 
The important compound KaTaFr may 
formed by fusing tantalum pcidafluoride with po. 
tassium hydrogen fluoride. It miy be recrystalliaed 
from an aqueous solution containing hydrofluoric 
acid. It is thermally stable to temperatures beyond 
its melting point, ultimately decomposing to the 
original reaction products. 

Analysis. Tantalum is determined in the pres, 
ence of niobium by developing the peroxytantalate 
color in 96% sulfuric acid and measuring the ab- 
sorbancy at 285 millimicrons (m/u.) ; the niobium 
may be determined at 365 m/i. See Niobhim; 
Transition elements. [e.m.l.] 

Bibliography X J. Kleinberg (cd.). Treatise on 
Inorganic Chemistry^ vol. 2, 1956; N. V. Sidgwick, 
The Chemical Elements and Their Compounds 
vol. 1, 1950. 

Taper pin 

Standard taper pins have a diametral taper M in. 
in 12 in. and are driven in holes drilled and reamed 
to fit. The pins are self holding and made of soft 
steel or are cyanide hardened. They are sometimes 
used to connect a hub or collar to a shaft (as illus- 
trated). Taper pins are frequently used to maintain 
the location of one surface with respect to another. 




Taper Pins, (a) Connecting hub or collar to shaft, 
(b) Connecting sleeve to shaft. 

A disadvantage of the taper pin is that the holes 
must be drilled and reamed after assembly of the 
connected parts; hence they are not interchange- 
able. Sec Cotter pin. [p.h.b.] 

Bibliography: Society of Automotive Engineers' 
Handbook^ revised annually. 

Tapeworm 

Any of over 1500 species belonging to the class 
Cestoda, phylum Platyhelminthes. Tapeworms are 
all parasitic in the intestines of vertebrates. Several 
are important parasites of man. 

Stnictun. The adult tapeworm consists of a 
head, or scolex, which terminates in a number of 
segments, called proglottids. The rounded scolex, 
armed with suction cups and hooks, is the organ by 
which the tapeworm attaches itself to die intestinal 
lining of the host. The flattened proglottids are pro- 
duced directly back of the scolex and, as soon as 
one has formed, it is pushed back by a new pro- 
glottid. Thus when the proglottid is mature, it is at 



the posterior end of the worm. Each segment con- 
tains ovaries and testes. Tapeworms may be scH- 
ffrtilirfn* within a proglottid, or cross-fertiliaation 
may occur between proglottids or between worms. 
When fully mature, each proglottid has a uterus 
crowded with thousands of eggs. In each segment 
there are also a pair of excretory canals, many 
flame cells, and three pairs of nerve cords. Virtu- 
ally all these organs degenerate as the uterus be- 
comes filled with eggs. Because they lack an in- 
testine, tapeworms are unique among animals of 
this degree of organization. Food is absorbed di- 
rectly from the environment. There is no respira- 
tory system, and respiration is accomplished in all 
the tissues by cellular gaseous exchange. Respira- 
tion is primarily anaerobic, but oxygen is utilized 
when available. 

Reproduction. While the life cycle of the beef 
tapeworm, Taenia saginata^ is not typical of the 
cestodes, this tapeworm is such a common parasite 
that its life cycle is discussed below. The adult 
lives in human intestine. When gravid, each pro- 
glottid drops off and leaves with the feces. The eggs 
are scattered with the disintegration of the pro- 
glottid. Development of the ovum, already underway, 
(unrinues through the formation of a six-hooked 
embryo, the oncosphere, and then it enters a resting 
•-tagp If the egg at this stage is eaten by a cow or 
any other ungulate, the shell is digested off and 
the larva burrows into the veins or lymph vessels 
of the intestine where it is carried to muscle tissue. 
In the muscle it encysts as the bladder worm, or 
( vsticerciis. Here it may remain dormant for 
months or years. If the raw or partially cooked 
meat is eaten by man, the outer wall of the cyst 
is digested away and the scolex of the young adult 
emerges. This attaches to the intestine wall and the 
deveh)pment of proglottids begins. The beef tape- 
worm attains a length over 30 ft and produces 2000 
or mure proglottids. 

The somewhat smaller pork tapeworm, Taenia 
solium, has a life history similar to that of T. 
saginata. The common larval host is the i>ig but 
It may occur in othei animals including dogs, cats, 
and sheep. The larva of this species also occurs 
frequently in man, where it may cause serious dam- 
age to the nervous system, resulting sometimes in 
insanity or even death. Both the beef tapeworm and 
the pork tapeworm are world-wide in distribution. 

Another tapeworm harmful to man is the fish 
tapeworm, Dibothriocephalus latus. This large ‘spe- 
cies may become 60 ft long and have over 4000 
proglottids. It is especially dangcrou'fe, sometimes 
fatal, because eqting a single undercooked fish may 
result in ingesting a large number of cysticerci. An 
Old World species, it is now increasing in parts of 
the northern United States and Canada, In recent 
years, several deaths have been reported in North 
America as a result of infestations with thi§ worm. 
Almost any fish-eating mammal may be ipfcsted 
with the adults. Larvae develop first in copepod 
crustaceans and then complete development in a 
variety of fishes, including the northern pike, wall- 
eye, yellow perch, and trout. 
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(a) Life cycle of tapeworms. Pork tapeworm. Taenia 
solium (adapted from Buehsbaum), (b) Fish topeworm, 
Dibothriocephalus lotus (adapted from KUkenfhaD. 
(From T I Storer and R, L, Usinger, General Zoology, 
3d ed., McGraw-Hill, New York, 19S7S 


The hydatid worm, Erhinornrrus granulosus, at- 
tains its adult stage in dogs and related species. 
The larvae occur in many animals including man. 
This worm is seiioii!!i because of its formaUon of 
large hydatid cysts, «^ometimes 2-3 in. long, which 
cause pressure on vital organs, including the brain, 
and result in great pain or death. Akhough most 
common in Iceland and Greenland, it is cosmopoli- 
tan in distribution About .SOO cases have been re- 
ported in the United States. See Cestoda. fj.n.B.l 

Tapeworm disease 

The presence in the body of man of either the 
larval or adult stages of any of the following ces- 
todes; Hymenolepis norm. Taenia saginata, T* so* 
Hum, Dibothriocephalus latus. Echinococcus gran* 
ulosus. See Cestoidea. 

Hymenolepiasis. A cosmopolitan parasite, H, 
nma, also occurs in rodents. Prevalence in man is 
usually under 1 ^ , children being more commonly 
infected. The cycle is direct, man to man or rodent 
to man. Ingestion of the egg results in develop- 
ment of larvae, called cysticercoids, in cysts in the 
duodenal villi. After the larvae burst out of the 
cyst, they attach to the small Intestine and become 
adults. The entire cycle takes a month. Heavy in- 
fection may result in nervous disorders. Treatment 
consists of hexylresorcinol, acranil, or chloroquifte 
given orally. 

Betf t^pnworm. T. saginata^ 4he beef tapeworm 
is acquired by ingesting the larval fortn of the 
parasite Cysticercus hovis that grows in the In- 
tramuscular* connective tissue of herbivores, The 
adult, attached by the scolex mr bead to the amid} 



. fii^. 



Epidemiology of the toenioses. (From T. T. Maekie, 
G. W. Hunter, and C. 6. Worth, A Manual of Tropical 
Medicine, 2d ed., Saunders, 1954) 


intestine, may grow to a length of many feet. The 
gravid segments containing the eggs are motile and 
disengage from the rest of the tapeworm (strobila) 
to pass actively through the anus. Diagnosis is 
made by recognizing these segments with their pe- 
culiarly branching uterus. When the extruded seg- 
ment disintegrates, thousands of hardy, embryb- 
nated eggs are set free. If eventually ingested by 
cattle, the cysticercus will develop and become in- 
fective after 2 months. 

No symptoms may be exhibited by parasitized 
individuals, although nervous disorders may arise. 
Emotional distress is the most serious complaint. 

Treatment consists of 0.6-0.8 g of atabrine 
orally preceded and followed by saline purging. 

Pork tapeworm. The epidemiology of T. solium^ 
the pork tapeworm, is essentially the same as that 
described for T, saginata, except that the parasite 
uses the hog as intermediate host. The larva of 
T, solium is called C. cellulosae. 

C. cellulosae may develop in man with serious 
results. Human cysticercosis is acquired by ingest- 
ing r. solium eggs from food or contaminated 
hands, or, in people harboring the adult worm, by 
regurgitation of segments into the stomach. The 
larva grows in connective tissue but exhibits an 
afiinity for the central nervous system. There it 
may cause epileptiform symptoms or a syndrome 
suggestive of brain tumor, or other derangements. 
The prognosis is poor. 


Fish tapMorm. Z>. toga, the fish tapeworat, b. 
habits the small intestine of man. While the Baltic 
and Scandinavian countries are the classical focus 
other cold regions are also impoirtant ones. In fact 
wherever fresh-water fish are eaten raw, the disease 
is prevalent. Many mammals abt as reservoirs. 

The eggs of the worm embryonate and hatch in 
water. The ciliated embryo, called a coracidium, is 
ingested by water fleas (Cyclops^ Diaptomiu) 
where it becomes a procercoid. Many species of 
fish ingest the crustacean. In the flesh the larva 
turns into a plerocercoid ; in other hosts, into a 
sparganum. These in turn mature in the mammal. 

Heavy infection may cause intestinal obstruc- 
tion and possibly toxemia. In less than 1% of the 
cases patients develop pernicious anemia, which 
abates after successful therapy. Treatment is the 
same as for other large cestodes. 

Echinococcosis. This is also known as hydatid 
disease and is an infection by the larval form of 
E, granulosus man or other intermediate hosts. 
Adult E, granulosus are minute parasites of the 
small intestine of carnivores. Shepherd dogs are 
important epidemiological! y. Sheep-growing coun- 
tries are most affected. The carnivore passes eggs 
in feces so that grazing sheep and other herbivores 
become parasitized with the hydatid larva. The cy- 
cle is completed by carnivores preying on them. 

Man becomes exposed by petting dogs or inges- 
tion of contaminated grass. In 60% of cases the 
larva settles in the liver, but bone, lungs, and brain 
may be affected. The type of cyst varies with local- 
ization. It is essentially a bladder full of liquid. In 
a year it is approximately 1 in. tn diameter, and 
may grow to a larger size. Cysts may be sterile or 
fertile. If fertile, the cyst is bordered inside by a 
p^liferative layer that gives rise to numberless 
s&>lices. These are known as hydatid sand. Second- 
ary cysts may form within the parent one. The 
symptoms are referable to a slowly growing tumor. 
Prognosis is good if surgical removal succeeds, 
poor if secondary infection occurs and in inoper- 
able cases. See Parasitology, medical. [ j.f.ma.] 

Tapir 

A primitive, odd-toed, hoofed mammal of the genus 
Tapirella or Tapirus^ both members of the family 



The tapir Tapirella bairdiL (A. W. AmUjhr, National 
Audubon Society) 




Tapiridac, order Perissodactyla, Tapirs are usually 
found near water in the tropical forests of the 
Americas, the Malay peninsula, Sumatra, and Bor- 
neo. They arc shy, nocturnal animals, at home in 
the water or on land; they feed upon the succulent 
vegetation of wet jungles. 

Tapirs have the upper lip modified into a short, 
flexible proboscis; they are characterized by a 
thick, sparsely-haired skin, small ovate ears, and 
a short tail. They have four toes on the front feet 
and three on the hind feet. The flesh of the Ma- 
layan tapir is not considered desirable food by 
man. but the meat of the four American tapirs is 
of excellent quality. See Perissodactyla. 1 j.d.b.1 

Tardigrada 

A class of microscopic, bilaterally symmetrical 
invertebrates which are generally leas than 1 mm in 
length. About 350 species are known. Commonly 
called water hears, bear animalcules, or iirslets, 
they are world-wide in distribution and are found 
in all habitats. 

Systematic position of the Tardigrada (Marcus) 

Siiperphylum Articulata 
Phylum Annelida 
Phylum Oncopoda 

Subphylum Pentastomida (Lingiiatiilidal 
Suhphylum Malacopoda 
Class Onychophora 
Class Tardigrada 

Order Hetcroturdigiada 
Suborder Arthrotardigrada 
Suborder Echinisroidea 
Order Eutardigrada 
Phylum Arthropoda 

An independent hut associated origin of the two 
rnalaropodan classes from polychaete-like ances- 
tors mav be presumed. 

Anatomy. The tardigrade body consists of an an- 
terior prostomium and five segments. The mouth is 
located in the prostomium in a centroiermin'il po- 
sition. A soft, nonchitinous cuticle surrounds the 
hodv and lines the fore- and hindgut. The cuticle 
may be smooth or sculptured and forms innervated 
cephalic appendages and spines on the trunk and 
legs. Four pairs of ventrolateral legs arise from the 
trunk and terminate in claws or other modified 
structures. A pair of oral glands and stylets are 
present which are partly culicular and partly chit in- 
cus. Both the pharynx and esophagus are muscular 
Structures. The digestive tract is tubhlar and more 
or less lobed due to the presence of diverticular di- 
lations. In the eutardigrades, separate anal and 
genital openings occur, while in the heterotardi- 
grades there is a single anogenital opening, the 
cloaca. The sexes are separate and the gonads are 
unpaired dorsal sacs with paired gonoducts in the 
male and in theory also in the female. 

Histologically, the muscjilature of the body, legs, 
and mouth is of the smooth type. 

The brain is a voluminous supraesophageal gan- 
glion connected to a subesophageal ganglion by a 


pair of connectives. The brain has 2--3 inner mil Sf"' 
outer lobules. Each of the latter, in most apecies 
except Arthrotardigrada, has one eye spot This 
structure is an ocellus which is cupped-shaped^ 
and consists of one retinal and one pigmented ciflfl 
which may be black, red, or pigment free. The 
ventral nerve cord, with four ventral ganglia, is a 
continuation of the subesophageal ganglion. Food 
storage cells float in the spacious body cavity, the 
coelom, which lacks a parietal or visceral perito- 
neum in the adult. Circulatory and respiratory 
structures are lacking. 

These animals exhibit the phenomenon known as 
cell constancy. The number of epidermal cells is 
the same in all species of a genus. The pharynx 
has 27 epithelial and 24 myoepithelial cells whose 
number is also constant in all genera excefit in 
Milneshitn which has 24 and 39. 

The lumen of the pharynx is triradial. Body 
muscles are metameric, and comprise dorsal, ven- 
tral. and lateral groups. Each muscle is either a sin- 
gle fibrillar, uninucleated cell or a chain of such 
structures. The number of myocytes is constant in 
all individuals of the same species. The muscles 
retract and bend the body, while during relaxation, 
pressure of the fluid in the body-cavity extends and 
stretches the animal. Storage cells of newly hatched 
Echinisroides are constant in niitnber and ap- 
pressed to the epidermis: older cells multiply when 
disso(‘iatcd from the epidermis. 

Embryology. These animals lay eggs and de- 
velopment is direct. Embryonic development lasts 
3 40 days, which varies according to the species 
and temperature. Fertilization, as known in the 
Eutardigrada, may he external while eggs are laid 
in the old cuticle during molting, or internal 
within the ovary. Internal fertilization occurs after 
ejaculation of sperm into the female cloaca. Some 
species may he parthenogenetic. 

The oocytes mature with abortive oocytes serv- 
ing as nurse-cells. The ovarian endothelium pro- 
duces the shell (chorion), which is smooth or has 
processes (ornamentations), that are of taxonomic 
importance. The diploid number of chromosomes is 
10-14 for species of Eutardigrada. Liberated eggs 
vary in diameter from 60 to 200 microns (fi). The 
number of eggs in a single oviposit varies from 
3 to 30. Cleavage is total, nearly equal, and is ir- 
legtilar because of asynchronous division of the 
blastomeres. 

Gastrulation, by coeloblastic delamination, oc- 
curs at the 80- to 100-cell stage. Primordial germ 
cells arc recognizable in the primary entoderm. The 
enterocoelous origin of the entomesoderm results 
in the formation of 5 pairs of coelomic sacs. The 4 
anterior pairs give rise to muscles and stor&ge cells, 
while the posterior pair unite to form tbe gonad 
from which gonoducts develop. The nervous system 
originates from the epidermis by delamination. 
The secondary entoderm becomes the midgut. 

Newly hatched tardigrades measure altout 51 ju, 
while the largest adult is about 1200 pu Very yimng . 
animals swell as a result of water intake. Fewer 
claws and appendages are characteristic of^ the 



JitvMiile; Tbew autauli onUoarfly grow to ^ times 
diew initiU eiae md dte immature tardigradee ma> 
lay on** 

MoWllig. During their active life of 18 months, 
tardigradea molt about 12 times. They are unaUe 


to feed in the 5-10 days of molting. M<dting 
when the animal passes to the simplex stage, w]iy, 
is characterised by expulsion of the bueoal 
lar parts. During molting, the epidermis secretes a 
new cuticle, and epidermal foot glands renew the 







Tordioracla. (a) Maerobiotu$, principol organs; (fa) mus- tion; (f) development of coelomlc sacs; (g) 14 mosi esib 

des, ventrol view (from Johanna Mullor, 1935); (c) re- emptied by tardigrade; (W digestive procesiet In 

newol of bucGol apparatus In 5 consecutive days; (d) cells, 
egg witb processes; (e) gut before and after absorp- 



ipeg or olawo. The oral glands shorten and then 
regenerate stylets and bearers. In Diphascon, epi- 
tbeliom of the gullet, pharynx, and rectum replace 
corresponding cuticles. Under certain conditions, 
molting tardigrades, at least in the EuUrdigrada, 
may remain in the old cuticle while the new one 
thickens to form a cyst. Hunger and perhaps un- 
usual warmth seem to elicit encystment. Histolysis 
within a cyst appears improbable. It is possible 
that consumption of stored food causes the tardi- 
grade to leave its cyst upon formation of the third 
cuticle. Molting is completed when the newly 
formed stylets pierce the old cuticle to allow the 
animal to escape. Duration of active life, without 
encystment, for as long as 30 months has been re- 
corded for these animals. 

Piiysioiogy. Tardigrada live as active forms, 
without encystment, only when surrounded by a 
pellicle of water. They are mainly herbivorous, and 
feed by piercing the wall of plant cells with their 
stylets. They ingest the contents of these cells by 
means of a pumping pharynx. As a result, many 
ingested chloroplasts are fragmented. The foregut 
IS acid in reaction (pH 4.4-5.2), while the midgut 
IS alkaline (8.4~8.7). Digestion occurs only in the 
cells of the midgut, which absorb the green colored 
droplets containing plant matter. These cells con- 
tain digestive ferments. Fats, starch, and glycogen 
have been demonstrated in the storage cells. 

Sometimes tardigrades, especially MUnesium, 
pierce ihe cuticle of rotifers, nematodes, other tar- 
digrades, and nauplii to ingest their soft parts. Ac- 
tive animals can fast as long as 5 weeks. In active 
life in the Heterotardigrada, defecation takes place 
during molting with deposition of waste in the old 
cuticle. In the Eutardigrada, it is independent of 
molting. Excretion occurs from the intestinal cells 
mto the lumen of the gut, also from the oral glands, 
at the beginning of a molt; and from the epidermis 
(part of pigments) during the formation of the new 
cuticle. 

When the surrounding medium dries up, most 
tardigrades continue to live as inactive or anabiotic 
barrel-shaped structures called cysts without any 
protective cover. Desiccation begins when there is 
a loss of oxygen from the water. The animal re- 
sponds by contraction and loss of body water. Dried 
eggs also survive. Moistened animals usually revive, 
but anabiosis and revival cannot be repeated indefi- 
nitely. Experimentally, the limit of survival was 14 
cycles of desiccation-hydration. Anabiosis can last 
for as long as 6% years. By computing maximum 
periods of desiccation plus a total active life of 30 
months, it is found that a tardigrade might live for 
67 years, hence the name Macrpbiotus, The limit of 
life during anabiosis does not depend on the amount 
of stored food, since those with a reserve food sup- 
ply do not differ in anabiotic capacity from those 
^thout one. These facts imply that the cayse of 
death must be endogenous. 

A 100-year-old discnssioii on anabiotic animals 
liras characteriied by two opposing views. One ar* 
gument tnAinta l n^ ^ that anaerobiosis in these am- 
®als was actually a very dow meubolism or “vita 
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Tardigrada. (a) Expulsion of buccal apparatus and ex- 
creta; (b) eggs fastened to moss leof; (c) cyst; (d) 
scutechiniscid walking; (e) borrel. 

minima.** The other extreme held the view that life 
slopped without death supervening, and the organ- 
ism was compared to a wound clock which had 
stopped ticking. A. Pigon and B. Weglarska settled 
the matter in 1953 by establishing a Vita minima. 
They found that cysts were resistant to 92*^0 heat 
in air for 1 hour. The cysts withstood cold at tem- 
peratures to — 192®C for 20 months, and to 
— 272**C for 8^ hours. In liquid air or helium used 
to study low-temperature effects, cysts are not com- 
pletely dry, but contain water within and 'between 
their cells. 

Tardigrades contract to the characteristic barrel- 
shape when dissolved oxygen decreases in the wa- 
ter. They cannot maintain this state in water, how- 
ever, and in 48 hours they become maximally dis- 
tended and immobile. Such asphyctic tardigrades 
may continue to live for 5 days and can revive if 
oxygen and food are made available. Animals 
emerging from anabiosis pass into a state of as- 
phyxy, since the cells have lost their osmotic capac- 
ity. The arthrotardigrade, BatUUpes^ does not en- 
dure desiccation. For Echiniscoides sigUmundU 
about 42% of a population withstands dryness for 
10 days, but none survived after 4 weeks. All were 
found to be alive in rain water after 3 days, and in 
an asphyctic state. 

Movement in the tardigrades is varied. Scutachi- 
niscidae walk with legs which are nearly perpen- 
dicular, under the trqnk, while Tetr<Aeniron 
crawls. No species swims. Echiniscoides shows 
positive phototaxis, while the negative response of 
Macrobiotus dispar is a directed reaction. Kgig are 
frequently laid with positive thigmotoxis either be- 
tween the leaflet and stalk of moss or in the ahells 
of water fleas. 

Ecology* Most species are widely Jistribntedb 
Disseminatioii may be by wind, birds, and these 
terrestrial animals which transport tardigrade 
and barrels. Other moss dwelleni such u thiasgof i, 
rotifers, and nematodes are moSe easily 



than The tropica are especially poor in 

aombera of species, and no Scutechiniscidae have 
been iotind on die Antarctic continent. 

Edkifdscoides sigismundi is the most euryokous 
species since it is world-wide in distribution and 
found both in littoral algae and at altitudes up to 
1000 meters in the eastern Congo. In this environ- 
ment tardigrade populations probably survive the 
dry periods. Population density varies consider- 
ably. In one sample of water containing Entero- 
morpha, 1 milliliter yielded 60 specimens. 

A few scutechiniscids and several eutardigrades 
are limnetic organisms. The limnetic fauna is not 
sharply delimited from the terrestrial fauna, so 
that more limnetic than marine species are found, 
usually among algae, aquatic mosses, sand, and 
mud. Sandy beaches of soft-water lakes contain 
more specimens than do those of hard-water lakes. 
Some populations of permanently aquatic habitats 
cannot survive desiccation. Most species are eu- 
rythermal, having the ability to live through a wide 
range of temperature conditions. They are active 
between near-freezing temperature and 25— 30^C. 
One known species is continuously exposed to 
temperatures of 40°C. 

Most tardigrades are terrestrial. They are found 
among lichens, liverworts, densely growing soft- 
leaved mosses, and also in rather hard-leaved Pot- 
tiacea and Grimmiacea. They are rarer in some 
ferns, lycopods, and phanerogams such as Sedum, 
Saxifraga, and Haastia, The soil among fallen nee- 
dles and leaves, will yield tardigrades. As many as 
22,000 animals have been recovered from 1 gram of 
air-dried moss. An average population produces 
354 kilograms of humus per hectare yearly, chiefly 
by means of fecal decomposition. 

Fewer species are found in permanently wet or 
damp mosses than in land mosses. Oxygen supply is 
better in the land mosses and desiccation excludes 
many rival organisms. 

Tardigrades and their eggs are preyed upon 
chiefly by Amoebozoa, especially Difflugia. Nema- 
todes attack the eutardigrades. Common pathogens 
of tardigrades are Phycomycetes (Macrobiotoph- 
thora vimariensis) and Microsporidia {Pleisto- 
phora). See Cell constancy; Cleavage, embry- 
onic; Eutardigrada; Heterotardigrada; Poly- 
CHAETA. [e.M.] 

Bibliography \ E. Marcus, Tardigrada^ in H. C. 
Bronn (ed.), Klassen und Ordnungen des Tier^ 
reichs^ 1929; E. Marcus, Tardigrada, in F. Schulze 
and W. Kiikenthal (eds.). Das Tierreichy pt. 66, 
1936; R. W. Pennak, Fresh-water Invertebrates of 
the United States, 1953; B. Petersen, The tardi- 
grade fauna of Greenland, Medd. Grpnland, 150, 
1951; G. Ramazotti, I Tsrdigradi d’italia, Mem. 
inst. Ual. idrobioL, 2:29-166, 1945; H. B. Ward 
and G. C. Whipple, Fresh-water Biology, 2d ed., 
1918. 

Tarnished plant bug 

An insect, Lygus Uneolaris, of the family Miridae, 
order Hemiptera, This insect is a pest which dam- 
ages a wide variety of plants, including many of 


importance to man. It frequently damages the bmh 
of fruit trees, small fruiu, and flowers. It Garrioi 
the bacterial disease fire blight of pears, and causes 
a condition caUed stopback in young peach trees 
by destroying the terminal bud of the young tree. 

The tarnished plant bug is about M in. loQg^ 
brownish, somewhat variegated with Ughter shades, 
and with irregular black markings. It may produce 
as many as five generations a year. DDT and toxa- 
phene are used in its control. There are several 
closely related species. See Hemiptera. [j.d.b.] 

Tarpon 

A large bony fish. Tarpon atlanticus. It is found in 
the Atlantic Ocean from Long Island south to 
Brazil, but occurs most commonly in the Gulf of 
Mexico and the Caribbean Sea. 

The tarpon is highly prized by sport anglers. Al- 
though edible and sold for food in Latin America, 
it is considered* primarily a sports fish. The tarpon 
attains a weight b^f 350 lb ; however, specimens over 
100 lb are rare. It responds with a spectacular fight 
when hooked. 



The tarpon. Tarpon atlanticus; length to 8 ft. (From 
E. L Palmer, Fieldbook of Natural History, McGraw- 
Hill, 1949) 

The tarpon is readily recognized by its size, and 
the compact dorsal fin. The last ray is elongated 
and situated in the middle of the back. It has a 
long, sickle-shaped anal fin; large and deeply 
forked caudal fin, and large, silvery scales. The 
scales are frequently sold as souvenirs at tarpon- 
fishing ports. See Clupeiformes. [j.d.b.] 

Tartaric acid 

A compound that possesses two similar asymmetric 
carbon atoms and occurs in four isometric forms: 
a dextrorotary form, which rotates plane polarized 
light to the right; a levorotary form, which ro- 
tates plane polarized light to the left; a racemate 
form, which is an optically inactive equimolecular 
mixture of separate crystals of the dextro and levo 
forms; and a meso form, which is optically m- 
active because of internal compensation. 
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The rff-tartaric acid is known as the racemic 
acid. The ineso acid is optically inactive by interna) 
^ acid is optically inactive by 
external compensation. This asymmetric structural 
difference among the four acids results in the dif- 
ferences in properties as shown in the table. See 
Dl/ISTEREOISOMER; OPTICAL ACTIVITY. 


Acid 

Melting 

point, 

Optical rotation 
of 20% aqueous 
solution [a]p 

Solubility 
g/100*H.< 
at IS-C 

Uextio 

170 

+12® 

139 

Uvo 

170 

-12® 

139 

gacemic 

206 

Inactive 

20.6 

Meso 

140 

Inactive 

125 


The ordinary form, d-tartaric acid, is obtained 
from fermented grape juice as potassium hydrogen 
tartrate (argol or cream of tartar). Racemization 
of ^-tartaric acid with hot sodium hydroxide, or ni- 
tric acid oxidation of mannitol or mucic acid, gives 
racemic tartaric acid. Resolution of racemic tar- 
taric acid via Penirillium glaucum, the cinchonine 
or quinifine salts, or /-bornyl hydrogen ester, bir- 
nii»hes /-tartaric acid. 

The principal uses of tartaric acid are in cream 
of tartar, Rochelle salt (potassium sodium d-tar- 
trate ) , and tartar emetic ( potassium antimony! d-tar- 
rrate). See Carboxylic acid; Tartrate, [e.b.r.] 

Tartrate 

\ chemical compound that is a salt or ester of 
tartaric acid, which is formed by the double-decom- 
position replacement reaction of the carboxylic 
hydrogens of tartaric acid by a metal (salt) or 
organic radical (ester). One or both of the carbox- 
ylic hydrogens can be replaced to produce an ex- 
tensive series of salts, esters, and mixed (double) 
"alls. Tartrates exist in three isomeric forms, two 
being optically active and one inactive (acc Opti- 
< AL activity) . Salts are commonly made from crude 
tartars, obtained as a by-product of the wine-mak- 
ing industry. Many have practical applications as 
in cream of tartar (monopotassium salt), Roch^*lle 
i>alts (sodium-potassium salt), tartar emetic (po- 
tassium-antimony salt), and medicines and textile 
dyeing (calcium salt). Esters are not widely used. 
See Rochelle salt; Tartaric acid. [e.h.h.] 

Taste 
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Fig. 1. Highly magnified vertical section of a taste 
bud from a rabbit. (D. j. Cunningham, TaMtbaok of 
Anatomy, 8th ed., Oxford, 1943) 


the taste bud, the thicker supporting cells, and the 
more slender, gustatory cells from which a fine ter- 
minal hair projects into the taste pore; however, 
some workers question this dichotomy. Individual 
sensory nerve fibers entwine about one or more taste 
cells (Fig. 1). 

The anterior two-thirds of the tongue is supplied 
by the lingual nerve, the back of the tongue by the 
glossopharyngeal nerve, and the throat and larynx 
by branches of the vagus nerve, all utilized for 
touch, temperature, and pain sensitivity, as well as 
for taste. The taste fibers from the anterior tongue 
leave the lingual nerve in a small branch, the 
chorda tympani, which traverses the eardrum en 
route to the brain stem. When the chorda tympani 
is damaged, as in the removal of the tympanum, 
taste sensitivity is lost on the anterior two-thirds of 
the tongue on the same side. Taste buds degenerate 
when their nerve supply has been cut but regener- 
ate if the peripheral nerve fibers regenerate. 

The taste fibers from all the sensory nerves from 
the mouth come together in the solitary tract and 
its nucleus in the medulla oblongata, in close asso- 
ciation with touch and temperature sensory nerve 
fibers from the tongue. The second-order fibers as- 
cend by a pathway, not yet entirely delineated, to 
a small cluster of cells medially (centrally) placed 
in the ventral vasal part of the thalamus. Taste 
fibers, again in association with touch and tem- 
perature fibers, project from here to the mouth 
area of the anterior sensory cerebral cortex. No 
one part of the cerebrum appears to be exclusively 
devoted to taste (see Brain; Nervous system 

Taste qualities. No simple relation exists be- 
tween chemical stimuli and taste quality except, 
perhaps, for the sourness of acids. The taste qual- 
ities of inorganic salts ore complex, only sodium 
chloride giving the purely saline ttMte. Sweet and 
bitter tastes occur in many chemical classes. 

The middorsuro (middle top portion) of tte 
tongue surface is insensitive to til Ustes. Seft$ki|r^ 
ity to sweet is greatest at the tip, to sour at tise 



vidm* to fahter at the bade; salt sensitivity is rela- 
thndf mote bemoBeneoas around the edges. For 
miny years it was believed that such regional dif- 
ferences were explained by the existence of four 
diHerent basic types of taste receptors, one for salt, 
one for sour, one for bitter, and one for sweet, dis- 
tributed unevenly over the tongue. Electrophysio- 
logical records, that is oscillographic tracings. 
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Fig. 2. Typical oscillographic record of impluses in a 
single taste sensory nerve fiber of a rat. (C. Pfaffmann, 
Gustatory norvo impulses in rat, cat and rabbit, 
J. Neurophysht., 18:432-^33, 1955) 


number of impulses 



Fig. 3. A bar diagram of the different sensitivity pat- 
terns in each of nine single sensory fibers (o-i) from 
a rat. Solid black indicates number of impulses during 
first second of discharge to eoch of five test solutions 
shown along baset HCI (hydrochloric acid); KCI (po- 
touium chloride); NaCI (sodium chloride); Qu. (qui- 
nine); Sue. (sucrose). Crosshatching superimposed on 
fiber e shows relative amount of neural activity in 
total nerve (sum of all fibers) to some test solutions. 
(C. Pfafhnonn, Guitotory nerve impulses in rat, cat 
and rabbit, J. Neurophysiol,, 18t432--433, 1955) 


from the individual receptor oblte iht their assoc* 
ated single sensory nerve fibmn often show toixed 
sensitivity; for example, sensitivity to acid aad 
salt, or to acid, salt, and sugar (Fig, 2). There U 
an increase in impulse frequeilcy with increase of 
salt concentration. In some species pure water 
strongly stimulates certain taste receptors; thatb 
it causes them to discharge nerve impulses 
Biopotentials and electrophysiology). Taste 
cells might be said to have a spectrum or wide band 
of sensitivities which differ from receptor to recep. 
tor. There is no evidence for the four simple types, 
so that the perception of taste quality depends upon 
different patterns of sensory nerve discharge en- 
tering the brain (Fig. 3). 

Sensitivity. Studies of human sensitivity for 
acid by different investigators reveal a wide range 
of values, but a median threshold value of 0.0005 
molar solution (Ilf) may be cited as an approxi 
mate order of>magnitude for hydrochloric acid 
(see Concentration scales). Sourness inorease*^ 
with increase in hydrogen-ion concentration, but 
weak organic acids are more sour than would be 
predicted from their hydrogen-ion concentration 
Increasing carbon chain length in the aliphatic acid 
series, for example, appears to enhance stimulat 
ing efficiency. 

Most salts, except sodium chloride (NaCI) 
elicit other qualities, like bitter or sour, in addi 
tion to salty. Low-molecular-weight salts are pre 
dominantly salty while those of higher molecular 
weight are bitter, yet the salts of lead and beryl 
Hum are sweet. The molecular wAghts of lead and 
beryllium are 207 and 9 respectively. The median 
human threshold for sodium chloride is approxi 
mately .01 Af, but here again there is a wide range 
ih reported values. Both the anion and cation con 
tribute to saltiness and to stimulating efficiency 
for example, in man, the following cation sene« 
ranks the contribution to saltiness and efficiency of 
stimulation in decreasing order : ammonium (NH4) 
potassium (K), calcium (Ca), sodium (Na), hth 
ium (Li), and magnesium (Mg). According to one 
theory, the first step in stimulation occurs when 
ions bind loosely to the taste receptor surface by a 
nonenzymatic process, as in the binding of ions by 
proteins. Species differences found in the cation 
taste series presumably reflect differences in the 
configuration of the active sites on the receptor sur 
face. 

The sweet taste is associated largely with organic 
compounds such as alcohol, glycols, sugars, and 
sugar derivatives, with the exception of certain in* 
organic salts of lead or beryllium. The complex re 
lations between chemical structure and sweetness 
are not readily explained by present-day system* 
zations. Sucrose thresholds for man have a medie" 
value of .1 Af, and the synthetic sweetener saccharin 
is 700 times more dilute at threshold. 

Slight changes in spatial arrangement render a 
molecule tasteless (Fig. 4), but specificity such ^ 
this does not appear to involve an enzymatic atin)* 
ulation process, even though this suggestion baa 



. 4 ChoB9« In to*** Q»»«ll*V wwWnfl 
, Motial orrongemenH wllhin *• molecule. (S. S. 
(ed.), Handbook of Experimenfol Psychology, 

Wiley/ iwi) 

h«,n made by some workers. Studies of the differ- 
!ntial inhibition of sweet sensitivity by gymnemic 
."id which does not affect salt or sour, point to a 
nonenzymatic competiUve inhibition of specific 

sites on the receptor surface. . , , . . 

Bitter is elitited by many chemical classes and is 
often found in association with swert and other 
uste qualities. An increase in molecular weight of 
inorganic salts or in the length of a carbon chain 
of organic molecules may be associated with in- 
creased bitterness. Typical of substances with the 
bitter taste are the alkaloids such as quinine, caf- 
feine, and strychnine, which are ^ 

median threshold value for quinine has been cited 
at 000008 M. Taste blindness, an inherited inabil- 
Iv to taste the bitterness of PTC (phenyl thiocar- 
bamide) and other substances with the thiocar- 

S 


bamide >NC- group does not affect “t**" 
stimuli without this grouping, A^ut one-third 
Caucasians are nontasters of PTC. ^ 

The stimulus increment for a noUceablc ditl - 
ence is of the order of %. or a 20% increase in 

concentration for all qualities. 

When the tongue is preadapted to rtie »‘*™P ' 

ture of the taste solution being applied, sugar sen- 
sitivity increases with temperature rise, ^ . 

quinine sensitivity decrease, but aci sensi i - 
unaffected. Taste has no simple temperature 
ficient as does a simple chemical system, „„.i„ 
Adapution after a solution is flowed «« 
over the tongue may lead to a rise m thi^ho'd 
and possibly to complete disappearance o 
unsation. Certain contrast effects may ® , 

noted, so that after exposure to weak aciA i- 
water tastes sweet. The bitter or sour 
masked by sweetening agents, but there a 
few systematic studies of these interactions. 

Behavioral ollacte. The abflity of an organi^ 
to select nutritious or necessary ingre * ,, 

diet by taste can be demonstrated ,4,otcc 

wlection technique. An animal is given fre • 
of individual coutainers with neceasyy « 
in pure form. After ceruin physiological • 

like glandular imbalances, the f I*®*"" 
nutritive agenta often shows coinpe 


m 

changes. A severely salt-deficient rat (atfarenaleoto* 
mised) may show a significant increase in the in* 
take of sodium chloride sufficient to ooimteract the 
usually fatal outcome in the absence of saltire* 
placement therapy. Similar effects have been noted 
in children, but in adults, food habits, cultural con* 
ditioning, learning, and other complex psychologi* 
ca) factors play a significant role in food accept- 
ance and may override the physiological factors 
controlling behavior. 

None the less, food palatability, as determined 
by taste and other sensory effects, has such a 
found effect on food acceptance that a substantial 
applied science of flavor technology has developed, 
particularly in the service of the food industry. See 
Sense, chemical; Smell. 

Taurus 

The Hull, in astronomy, is a winter constellation. 
Taurus is the second sign of the 2Jodiac. The group 
contains two notable star clusters, the Hyades and 
the Pleiades. The Hyades is a V-shaped cluster, 
the V forming the head of the charging hull, with 
the fiery bright star Aldebaran in the right eye. 
This star has long been used in navigation. The 
long horns of the bull extend northeast to the con- 
stellation Auriga. Farther west lies the compact, 
beautiful cluster of six stars, the famous Pleiades, 
sometimes called the seven sisters, suggesting 
thereby that one of the stars has faded from nak^- 
e\e view. This group in the Bull’s shoulder has the 
shape of a tiny dipper. See Constellation. | c.s.y.] 

Tautomerism 

The reversible iiitcrconvcrsion of structural iso- 
mers of organic chemical compounds. Such inter- 
convcTsions usually involve transfer 
(prototropy). but anionotropic (allyllc, WagnCT- 
Meerwein) rearrangements may be reversible and 
so be classed as tautomeric interconversions. 

Lactam-lactim tautomariam. A 
containing the grouping 

lactam, and the isomeric form, --COH— N , a 
lactim. These terms have been extended to incite 
the same structures in open-chain 
considering the shift of the hydrogen from nitro- 

^TrXyer first recognize! that isaUn J) 
near, to react in either the lactam (I) or the lac 
L fin structure. Thus, a precedent for proving 



C6i“- 


the existence of lactim-lactam 

the CX 18 W o . I behavior as inferred from 

*’Tirind it is often poaaible to determtaa few 

haa either one atructnre or both. 



KMD'MoI taiiloiiierifm. The molecular grouping, 
~COCH<, may in certain substances exist partly 
or wholly as — COH=C<. The former constitutes 
Ae keto form and the latter the enol form. Kurt 
Meyer first studied the koto, CH3COCH2CO2C2H5, 
and enol, CHsCOH^CHCOzCqHs, forms of ethyl 
ac^acetate, and which he recognized respec- 
tively by reactions specific for the carbonyl group 
and the carbon-carbon double bond. Both forms 
may be obtained in relatively pure condition: the 
former by freezing it out of the mixture and the 
latter by slowly distilling the mixture in quartz ap- 
paratus. However, each is slowly converted into 
the equilibrium mixture of the two. Extensive 
chemical and spectroscopic studies have shown 
that the enol content of such an equilibrium mix- 
ture is a function of the physical state of any given 
substance. The gas phase or solution in a nonpolar 
solvent (hexane) favors the enol form, whereas 
more polar solvents (chloroform, alcohols) repress 
its formation. 

The existence of an enol in an acyclic system re- 
quires that a second carbonyl group (or its equiva- 
lent, for example, >C=N — ) be attached to the 
same — CH< as an aldehyde or ketone carbonyl. 
Thus, ethyl acetoacetate tautomerizes demonstra- 
bly, but ethyl malonate, C2H5O2CCH2CO2C2H5, 
does not. Occasionally an enol form exists, these 
requirements notwithstanding: for example, ethyl 
pyruvate is partially enolized (CH3COCO2C2H5 
CH2=^^C0HC02C2H6) ; and «-hydroxy ketones (or 
aldehydes) exhibit the characteristics of the tau- 
tomeric enediols, for example, benzoin 

CcHsCOCHOHOflfi ;=± CnH!5COH--COHCflH5 

Where the enol form includes an aromatic ring 
such as phenol, the existence of the keto form is 
often not demonstrable, although in some sub- 
stances such as 4 -nitrosophenol (III) and 4 -hy- 
droxypyridine (IV), there may be either chemical 
or spectroscopic evidence for both forms: 



Closely related to keto-enol tautomerism is the 
prototropic interconversion of nitro and aci forms 
of aliphatic nitro compounds such as nitromethane 


0 

T 

CH3NO2 ;::t CHjp-N— OH 

Ring-chain tautomerism. The possibility that 
an acyclic hydroxyaldehyde may exist in equilib- 
rium with its cyclic hemiacetal was first recognized 
by Emil Fischer. The failure of glucose to form a 
normal acetal with an alcohol and the surprising 
production of two isomeric glucosides instead led 
to the postulate that carbohydrates exist princi- 
pally as inner or cyclic hemiacetals in equilibrium 
with only enough free aldehyde to permit typical 


aldehyde reactions with reagents which either 
idize the carbonyl group or form derivatives that 
effectively remove it from the equilibrium: 

CHjOHCHOHCHOHCHOHCHOHCHO ^ 

CH2OHCHCHOHCHOHCHOHCHOH 

I 0 -1 

The glycosides are formed by the elimination of 
water between the hydroxyl derived by hemiacetal 
formation and an alcohol, with two structures be> 
ing possible, and the hydroxyl lying above or beloH' 
the hetero ring. See Glucose. 

In general, tautomeric forms will exist in sub- 
stances possessing functional groups which can in- 
teract additively and which are so placed that in- 
tramolecular reaction will lead to a stable cyclic 
system. The cyclic form will usually predominate 
(especially if it contains five or six members). 

R. P. Linsfcead has shown that certain alkenir 
acids are tauto'hieric with their lactones. 

RCH--CHCH2CO2H RCHCH2CO 

i_0 

and has called this lacto-enoic tautomerism. Mure 
recently lacto-enoic tautomerism not involving a 
prototropic shift has been observed : 

H 


1 I ; ArCH-=CH - C— CO2© 

/S^\ II 

H 1.0 .©NHAr 

NllAr 

And still another type of ring-rhain tautomerism 
imt involving a prototropic shift is demonstrable 
ny the reactions of phthaloyl chloride: 


CO 


CO llA't''* 

/ \ coa 



The latter type of ring-chain tautomerism » 
closely related to anionotropic rearrangements 
such as the allylic, 

RCHC 1 CH=CH 2 RCH=CHCS 2 C 1 
and Wagner-Meerwein, 




i^hich may thus be considered as examples of ani- 
jnotropic tautomerism. See Isomerism, molec6- 
lab. [w,r.v.j 

raxis 

a mechanism of orientation by means of which an 
jnimal moves in a direction related to a source of 
stimulation. There exists a widely accepted termi- 
lology in which the nature of the stimulus is indi- 
cated by a prefix such as phototaxis, chemotaxis, 
jeotaxis (gravity), thigmotaxis (contact), rheo- 
axis (water-current), and anemotaxis (air-cur- 
-ent). The directions toward or away from the 
stimulus arc expressed as positive or negative, 
•espectively. Finally, the sensory and locomotory 
TicchanismS by means of which the orientation is 
ichieved are denoted by a second type of prefix 
orming a compound noun with taxis. Positive 
}hototropotaxis thus describes a mechanism by 
neans of which an animal carries out a directed 
novement toward a source of light along a path 
vhioh permits the aniinal's paired eyes to receive 
*qual intensities of light throughout the movement. 
The following are examples of various types of 
axes. 

Klinotaxis. A well-analyzed case of this type of 
axis is the way in which a fly maggot moves away 
rom the light immediately before pupating in a 
lark and sheltered place. When such a maggot is 
‘xposed to a horizontal beam of light above the 
ubstrate, it moves along a fairly straight path 
[way from the light in the direction of the beam, 
n doing so it waves its front end from side to side, 
■xposing alternately the left and right lateral as- 
)prts of its front end to the light shining from be- 
lind. As long as the light intensity falling on the 
ight-sensitive surfaces on either side remains equal 
n subsequent exposures, the animal will follow a 
traight path away from the light source. This mav 
►e explained by the hypothesis that ?he extent of 
he swing toward one side is a function of the light 
ntensity falling on the other. If the animal starts 
ts course from a position at an angle with the 
ight beam, the differential light intensities falling 
•n its anterior flanks automatically steer it into a 
•ath curving into line with the beam. The prefix 
klino” in this case denotes that “exploratory” sidc- 
rt-side hendins of the body brings about orienta- 
ion by directed, though waving movement, related 
1 its direction to the stimulus. 

TropotaxiS. Tropotaxis is a term closely related 
^ Jacques Loeb^s original notion of tropism which 
as now become restricted to the description of 
nentation phenomena in sessile organisms. The 
ssential point is the unwavering turn of the or- 
anism into the stimulus direction by means of 
^nate reflex mechanisms linking bilaterally s^- 
tetrical receptors with the organs of locomotion, 
‘aths toward or away from a single source are 
traight. In the case of two or more sources," they 
along the resultant of incident intensities, 
‘fier unilateral receptpr loss, tropotactic steering 
^ds, in a uniform field of illumination, to con- 
nued “circus movement” away from or toward 


the injured side in the case of positive ®r negative 
taxis respectively. 

TeloUixto. Whereas bilateral intensity balance on 
receptors is essential in klinotaxis antd tropotaxis, 
orientation in telotaxis occurs, as it were, by aim- 
ing one or the other of two bilaterally symmetrii^ 
receptors toward the stimulus. Of a number of 
simultaneously offered stimuli, all but one may be 
‘ignored” at any given instant by means of built-in 
switch mechanisms based on inhibition or block. 
Unilateral sense organ loss does not lead to circus 
movement. 

A special case of telotaxis is the light-compass 
reaction. In this the animal moves at a temporarily 
fixed angle with respect to the stimulus direction. 
The angle can be changed at will. The term pharo- 
taxis has been suggested to describe an orientation 
toward a progressively changing direction of stim- 
ulus, such as the change of distribution of polariza- 
tion of the light of the sky during the course of the 
day (navigation by honeybees and other arthro- 
pods). 

The description of taxes given so far is based on 
concepts formulated by Alfred Kiihn and after him 
by G. Fraenkel and D. Gunn. They apply largely to 
mechanisms of orientation found in small-brain 
animals which rely in their basic orientation on a 
rtdatively small number of innate responses. These 
are characterized by their stereotyped and rather 
inflexible nature. In recent years 0. Koehler and 
with him a nuinber of students of animal behavior 
have attempted to make the taxis concept part of 
the more complex and plastic behavior of verte- 
brates, including man. Thus Koehler's definition 
of a taxis is as follows: every purely reflexive and 
every voluntary act begins with certain postures 
and movements which orient the animal's head, 
limbs, and body with reference to the direction of 
the eliciting stimulus or of the final goal of the 
movement. These intentional postures or move- 
ments of postural adjustment are to he considered 
the taxis components of the animal's act. Even in 
man. the turning of eyes or head into the direction 
of an object of interest or desire is held to fall* 
within this definition. I O.L.] 

Bibliography. G. S. Fraenkel and D. L. Gunn, 
The Orientation of Animals^ 1940; O. Koehler, 
Die analyse der taxisanteile insUnktartigen ver- 
haltens. Physiological Mechanisms in Animal Be- 
haviour, Soc. Exptl. Biol., Symposium 4:269-304, 
1950. 

Taxodonta 

A subclass of pelecypod mollusks in which the 
hinge is of the taxodont type; that is. the dentition 
is a series of similar alternating teeth and sockets 
along the hinge margin (see illustration). Geologi-. 
cally, these marine mollusks range from the Ordovi- 
cian to the Recent. The adductor musdes are ap- 
proximately of equal size, and gills are present 
for both respiratory and feeding purposes. NaetUff 
is one of the beet known modern represeitf aliyjtni. 
wiA 7 species. It occurs at depths nf lO-IOM 
fathoms, where it moves oki the |iarface pf 




Taxodonto. (a) Exterior of right valve of Nucula de- 
funkrk, a Miocene species, ib) Interior of left valve of 
N. defuniak. (c) Exterior of right valve and (d) dorsal 
view of complete shell of Cyrtodonta Hindi from the 
Ordovician. (From R. R. Shroek and W. H. Twenhofel, 
Principles of Invertebrate Paleontology, 2d ed., Mc- 
Graw-Hill, 1953) 

silty bottoms. The shell is small and ranges from 
6 to 15 mm. See Pelecypoda. [c.b.c.] 

Taxonomic categories 

One of a hierarchy of levels, or taxa (singular, 
taxon), in which organisms are classified to indi> 
cate various degrees of relationship. Two major 
kinds of categories are utilized, those which per- 
tain to groupings of individuals and populations of 
individuals (specific and infraspecific categories) 
and those which involve groupings of species 
(higher categories). In this taxonomic hierarchy, 
the category species is the most important, and is 
generally thought of as a distinctive interbreeding 
or potentially interbreeding population of rela- 
tively similar individuals which differs from other 
such populations in one or more recognizable 
structural or physiological characteristics (see 
Species concept). 

When individuals of different species are com- 
pared with one another they are found to have vary- 
ing degrees of similarity, and since, generally 
speaking, degree of similarity is indicative of de- 
gree of relationship, they can be arranged in an as- 
cending series of categories which express these 
degrees of similarity. Croups of closely related 
species are placed together in a genus, related 
genera in a family, related families in an order, re- 
lated orders in a class, related classes in a phylum, 
and related phyla in a kingdom. Each of these cate- 
gories is more comprehensive than the preceding. 
At a given level, each taxon is separated from the 
most nearly related taxa by a gap in similarity of 
characteristics indicating a gap in degree of rela- 
Ihmefiip, The components of each taxon are pre- 
inmed to have a common phylogenetic origin and 


most, but not all, taxa contain more dian one unit 
in the next lower category. 

The respective position of tifo different animals 
in this system may be expressed as follows: 


Kingdom 

lion 

Animalia 

Hous^ 

Animalia 

Phylum 

Chordata 

Arthropods 

Class 

Mammalia 

Insecta 

Order 

Carnivora 

Diptera 

Family 

Felidae 

Muscidae 

Genus 

Felis 

Musca 

Species 

leo 

domestica 


These seven taxonomic categories are the mini- 
mum used to classify most animals. In large groups 
with a long or complex evolutionary history, more 
taxa are evident and more categories are utilized. 
Those which are generally accepted are as follows; 

Kingdom 

Phylum 

Subphylum 

Superclass 

Class 

Subclass 

Cohort 

Superorder 

Order 

Suborder 

Superfamily 

Family 

Subfamily 

Tribe 

Genus 

Subgenus 

flpecies 

Subspecies 

Standardized endings are utilized for super fami- 
lies, families, subfamilies, and tribes (see Zoolog- 
ical nomenclature).* Names for categories above 
the superfamily arc not standardized and vary from 
one group of animals to another. See Plant classi- 
fication. [ E.C.LI.1 

Bibliography: E. Mayr, E. G. Linsley, and R. L- 
Usinger, Methods and Principles of Systematic 
Zoology, 19.S3. 

Taxonomy 

Taxonomy is concerned with the identification, 
naming, and classification of living organisms. It 
involves the collection, recording, and preservation 
of specimens and the making of identification keys 
and manuals, so that each plant or animal will be 
accurately described, correctly placed in the taxo- 
nomic scheme, and will bear a single and univer- 
sally recognized scientific name. Taxonomy also in- 
cludes the rules of classification. See Animal sys- 
tematics; Plant taxonomy; see also Bacteria, 
TAXONOMY of; Funci; Paleobotany; Paleontoi- 
ocy; Protophyta; Schizomycetes. [p.d.5.] 

Tea 

The popular caffeine beverage made from ibe 
leaves of the tea plant, Thea sinensis^ a member of 
the tea family, Theaceae. The plant is a small ^ 
but in cultivation constMt pruning makes H ^ 
shrub 3r-4 ft tall. Pruning promotes dywdlopa*®®* 




Tea plant, Thea sinensis, (From L H, Bailey, ed.. The 
Standard Cyclopedia of Horticulture, voL 3, Macmih 
Ian, 1935) 


of new shoots, the source of commercial tea. The 
leaves are picked by hand and dried. Quick drying 
hv artificial heat produces green tea. Other proc- 
esses Meld black and oolong teas. 

Tea a crop of hot, temperate regions. Some 
1000 varieties are listed. India. Ceyhm, China, For- 
mosa, lava, and Japan are the leading tea-produc- 
ing countries, with China contributing about one- 
half of the world’s supply. See Pariliails. 

fp.D.S.] 

TEA PRODUCTION 

Tea production technology depends on whether 
blade, green, or semifermented tea is to be manu- 
factured. The characteristic appearance and flavor 
of each arise more from different processing and 
manufacturing methods than from the type of leaf 
used. 

Black tea. This tea requires quick transportation 
of the green leaf from garden to factory, where it 
IS carefully spread on withering tats. The leaf loses 
moisture and becomes flaccid within 24 hours. Cir- 
culation of conditioned air during withering short- 
ens the time substantially. The next process, called 
rolling, ruptures the leaf cells and releases their 
juices. This is accomplished in a brass roller box. 
equipped with adjustable pressure cap and a'ti 
upen base. The box is filled with withered leaf and 
rotated eccentrically over a brass table Rtted with 
curved battens. During a 30-min period, the leaf 
cells rupture under the pressure and the rub- 
j^ing action. A second rolling period causes twist- 
ing and coating of the leaf with juices, leading to 
balling. The leaf changes to a bright copper color, 
*nd a characteristic tea aroma develops. A, roll 
breaker is subsequently employed to disintegrate 
Ae balls for fermentation. 

fermentation, enzyme action and oxidation 
^cur. The rolled leaf is spread to a 2- op S-in. 
ncplh on fermenting beds and held under high 
buiiiidity at 75«-80®JP. Since the body, or strengm, 


of the tea depends on this fennentatioii, careful at» 
tention to its progress is required. Approximately 
hours are needed for the rolling and fermenta^ 
tion operations. 

^ Firing^ or drying of fermented tea leaf conven* 
tionally is carried out by passing it through heated 
ovenlike chambers. Temperatures of 170-180®F 
arrest fermentation and develop the familiar black* 
ish color. Drying is practically completed in one 
pass, but further heat is applied to produce the 
“case hardening” that protects quality. The leaf is 
bieved, graded, and packed into chests lined with 
aluminum foil. Each chest contains about 100 lb of 
finished tea. 

Green tea. Green tea manufacture requires that 
the plucked leaves be steamed as quickly as possi- 
ble. Such processing at 160®F makes them soft and 
pliable and, by inactivating the natural enzymes, 
prevents fermentation. After steaming, the leaf is 
alteinately rolled and dried until it becomes too 
’^tiff for further manipulation. For export, green 
tea ib rehred in pans with mechanical stirring to 
produce a luster. 

Oolong teas. Oolong teas are midway between 
black and green teas in that they are semifer- 
mented. After a short sun-withering in the garden, 
the leaf is gently rolled in the plucicer’s hands, 
whereupon a slight fei mentation is initiated. After 
a short period this leaf is sent to the factory to be 
fired and parked for shipment. 

Instant tea. Tliis tvpe of tea is obtained by spray- 
drying of a black tea extract, with or without the 
admixture of maltodextrins. The technology is pat- 
terned closely after that followed in manufactur- 
ing of instant coffee. Concentrated tea extract also 
may be combined with a heavy sugar syrup and 
marketed as a liquid. Solubility of instant tea pow- 
der can be varied widely by manipulations in proc- 
essing. See Food engineering. [j.h.n.] 

Bibliography: C. R. Harler, The Culture and 
Marketing of Tea, 2d ed., 1956. 

Technetium 

A chemical element, Tc, atomic number 43, dis- 
covered by C. Perrier and E. G. Segre in 1937 as a 
result of cyclotron bombardment of molybdenum 
by deuterons. The element was the first made arti- 
ficially, thus the name, technetium, from the Greek 
for artificial. It is also produced as a major 
constituent of nuclear-reactor fission products 



40A T^cbncrtofy 

or, alternatively, by action of neutrons on Mo^^ 
where the reaction is 

Mo»*(n,7)Mo”-5^Tc»» 

The isotope is most suitable for chemical in- 
vestigation because of its long half-life, 2 X 10^ 
years. The chemistry of technetium is very similar 
to that of rhenium and corresponding compounds 
have been prepared in many cases. The metal can 
be prepared by reduction of the sulfide with hydro- 
gen at temperatures of 1000“1100°C, and its crys- 
tal structure has been found to be isomorphous 
with that of rhenium, osmium, and ruthenium. 

Technetium metal reacts with oxygen at elevated 
temperatures to form the volatile oxide TC 2 O 7 
which is analogous to Re 207 . Another oxide, TcO^, 
is formed by the decomposition of NH 4 TCO 1 at 
elevated temperatures in vacuum according to the 
equation 

NHtTc 04 Tc 02 + 2H2O + m2 

Reactions which produce the compounds AgTcOj. 
KTcOi, NH 4 Tr 04 , K2TcC 1«, and TcS 2 are analo- 
gous to those used to form the corresponding rhe- 
nium compounds. See Nuci.kar keaction; Rhe- 
nium; Transition elements. 

Bibliography: S. Tribalat, Rhenium et Techne- 
tium^ 1957. 

Technology 

Systematic knowledge and action, usually of indus- 
trial processes but applicable to any recurrent ac- 
tivity. Technology is closely related to science and 
to engineering. Science deals with man’s under- 
standing of the real world about him — the inher- 
ent properties of space, matter, energy, and their 
interactions (sec Science). Engineering is the ap- 
plication of objective knowledge to the creation of 
plans, designs, and means for achieving desired ob- 
jectives (see Engineering ). Technology deals with 
the tools and techniques for carrying out the plans. 

For example, certain manufactured parts may 
need to be thoroughly clean. The technological ap- 
proach is to u.se more detergent and softener in the 
wash water, to use more wash cycle.s, to rinse and 
rerinse, and to blow the parts dry with a stronger, 
warmer, air blast. Often such refinements provide 
an adequate action. However, if they do not suffice, 
the basic technique may need to be changed. Thus, 
in this example, science might contribute the 
knowledge that iiltrasonically produced cavitation 
counteracts surface tension between immiscible 
liquids and adhesion between clinging dirt and the 
surface to he cleaned, and thereby produces emul- 
sions. Engineering could then plan an ultrasonic 
generator and a conveyor to carry the parts through 
a bath tank where the ultrasonic energy could 
clean them. The scientist may use ultrasonic tech- 
niques to determine properties of materials. The 
engineer may design other types of devices that em- 
ploy ultrasonics to perform other functions. These 
specialists enlarge their knowledge of ultrasonics 
and their skill in using this technique not for its 


own sake but rather for its value in their work. The 
technologist is the specialist who carries out the 
technique for the purpose of accomplishing ^ 
specified function. He extends his knowledge and 
skill of ultrasonic cleaning by refinement and per. 
fection of the technique for use on various materials 
soiled in different ways. Technological advances 
improve and extend the application to cleaning 
other parts under other conditions. See Mechani- 

CAL ENGINEERING. [R.S.SH.] 

Tectibranchia 

An order in the subclass Opisthobranchia contain- 
ing the sea hares and the bubble shells. The shell 
may be present, rudimentary, or absent. When the 
shell is present it is usually enveloped in a fold of 
the mantle. The operculum is lacking except in the 
families Actaeonidae and Pyramidellidae. The bub- 
ble shells have a rather thin shell with a wide 
capacious aperture, the shell being enveloped by 
the mantle when the animal is actively crawling 
(see illustration). The sea hares are usually with 



(a) (b) (c) 



(d) (e) (f) 


Tectibranchia. (a) Aefeon. (b) Pyramidella, (c) Refusa 
id) Cydichna. (e) Bu//a. (f) Haminoea. (From A. M 
Keen and J. C. Pearson, Illustrated Key to West North 
American Gastropod Genera, Stanford Univ. Prsss, 
1958) 

out a shell and can crawl over the sea floor, and 
many can swim, using a remarkable undulatory mo- 
tion. Many sea hares emit a purple dye when dis* 
turbed. This dye is soluble in .sea water and should 
not be confused with the purple dye emitted b' 
certain other species of sea snails, the source of 
Tyrian purple of ancient Syria. They are predatory 
and feed mainly on small crustaceans. [w.J.cl 

Tectonic patterns 

The arrangement of the large structural units of 
the earth’s crust, such as mountain systems, shield^ 
or stable areas, basins, arches, and volcanic archi- 
pelagos. Tectonic geology pertains to the constitu- 
tion and deformation of these large parts of tbt 




T«clMk 





Fig. 1. Late Mesozoic and Cenozoic mountain chains areas) and Laurasia (dot pattern). (After A, Holmes, 

of the world (black areas). Gondwanaland (shaded Principles of Physical Geography, Rortald,J 945) 


earth’s crust, and considers the cause or processes 
of deformation to the bottom of the crust. 35 -70 
kilometers (km) deep, and into the mantle, some 
700 km deep. For a discussion of crustal move- 
ments and the origin of tectonic forces see Dias- 
iRocHisM ; Orogeny; Tecto no physics. 

The master divisions of the earth’s crust are the 
ocean basins and the continents. The continents 
may be divided into .stable regions (generally of 
low relief) and unstable or mobile regions (the 
mountain systems). Each of these continental divi- 
Mons, of course, has a number of subdivisions. For 
instance, stable regions usually have a portion 
v^hich has had a history dominantly of uplift, acd 
consequently has been stripped of its younger 
'trata, exposing the older (Precambrian) rocks 
o\er wide areas. The Canadian shield of North 
Vmerica is an example. Other parts of stable re- 
gions have subsided dominantly over long periods 
of time and were, consequently, sites of inland 
''Cas. Such areas, like the Michigan basin, are c< V' 
<*red by a thick succession of sediments. Other re 
fiions, like the Ozarks, have risen domingntly and 
structural arches or domes. 

The continents erf South America, Africa, Aus- 
tralia, and Antarctica have been referred to col- 
l«*ctively as Gondwanaland because they have cer- 
tain unifying geologic characteristics, and those 
tR)rth of the Mediterranean belt and cast of the 
Wth American cordillera as Laurasia (Fig.*l). 
bondwanaland and Laurasia, aside from the mod- 
ern cordilleras, are composed of stable shields and 
ancient mountain belta, now reduced to hills or 
t*todest mountains by long erosion. As shown in 
^*8* 1» the youthful and high mountains of Gond- 


waiialaiid and Laurasia are cast in two majestic 
chain.s. One is the east-west Mediterranean belt 
that stretches from Spain and Morocco to Malaya 
and the Dutch Ea.sl Indies. The other is the (urcuni- 
Pacific belt that embraces the cordilleras of South 
and North America, the eastern Asiatic island 
archipelagos, and the New Zealand -New (Guinea 
systems. This latter highly complex region, the 
Dutch East Indie.N is the junction of the great 
Mediterranean and Circiim-Patdfie belts. 

The major tectonic features of the world are dis- 
cussed in the following ordei : Mediterranean 
chain, Ciroum-Pacific chain, older cordillera, is- 
land arcs, and shields and stable areas. 

MEDITERRANEAN CHAIN 

The east-west Mediterranean belt may be di- 
vided into four great cordilleras: the Alpine, Mid- 
dle Ea.st, and Himalayan Cordilieras and the East 
Indies arcuate complex. The Alpine Cordillera is 
composed of the Atlas, Pyrenees, Alps, Apennines, 
and Carpathians. Of these, the Alps are undoubt- 
edly the most studied mountains in the world. The 
following discussion is based largely on the classic 
description by A. Holmes in 1945. 

The Alps. Geologically the Alps are divided into 
the Western Alps and Eastern Alps. The Western 
Alps extend northward in a broad arc from the 
Gulf of Genoa to Lakes Geneva and Constance, line 
Eastern Alps continue in a gentler curve toward 
Vienna. Beyond Vienna, the Carpathians represent 
an eastward continuation of the Alpine structure. 
South of the high Alps the ranges of northern Italy 
extedd eastward and merge into the Dinaric Alpe. 
It is in the Western Alps, and particularly in Sw^^ 



lerUliid, that mtenaive studies have revealed the 
key to the general structure of the Alps. 

Nappes are the essential feature in the Western 
and Gmitral Alps. These huge overthrust masses 
were pushed northward many miles, and some 
southward. They consist of strata which were 
highly folded during the movement, much like the 
contortions of a viscous liquid after flowage 
(Fig. 2). 

Alpine rivers have deeply dissected the nappes 
and thus have exposed their internal structure 
along many steep-walled valleys. As the nappes are 
traced along the trend of ranges the strata undu- 
late in a succession of broad culminations and de- 
pressions (Fig. 3). In the depressions the upper- 
most strata are preserved and the structure is seen 
in the present mountain peaks. In the culminations, 
where the higher strata have been removed by ero- 
sion, the structure of the lower strata may be seen 
in the deep valleys. The whole complicated struc- 
ture can be visualized by taking a series of sections 
across the culminations and depressions. 

The structures seen in the Western Alps are cov- 
ered by higher nappes in the Eastern Alps where 
they are seen only in local areas in which erosion 
has removed the overlying nappes and opened win- 
dows, such as the Engadine and High Tauern. The 
chief subdivisions in the Western Alps are shown 
in Fig. 4. 

Jura Mountains, The folds of the Juras form an 
arcuate bundle of hills between the central plateau 
of France on the one side and the Vosges and 
Black Forest on the other. The disrupted strata 
represent the foreland of the Alpine movements. 
The outermost zone is a tableland broken by faults 
into irregular strips and blocks. On the inner side 
the strata are thrown into a series of anticlines and 
synclines; some of the anticlines form the actual 
hills. 

Swiss Plain, This broad lowland lies between 
the Juras and the High Calcareous Alps. It is filled 
with soft Tertiary sediments, called molasse, de- 
rived from denudation of the rising Alps. The plain 
is interrupted by foothills protruding from the 
higher Alps, known as the Pre-Alps. 

Pre-Alps, The Pre-Alps extend between Lake 
Thun and the River Arve. The strata of these iso- 
lated nappes are different from those found in the 
Juras and High Calcareous Alps and are com- 


pletely foreign to the district in which they came to 
rest The rock sheets are muoh folded and sliced 
by minor thrusts and have been driven far froin 
their source. Exactly where ifaey came from re. 
mains an unsolved problem of Alpine tectonics 
They may represent remanents of nappes that 
formerly covered the Western Alps as a continua* 
tion of the upper nappes of the Eastern Alps. It 
possible that these isolated nappes reach^ their 
present position by down-sliding similar to a gi. 
gantic landslip. 

High Calcareous Alps, This high range of 
rugged mountains (including such peaks as the 
Jungfrau, 13,669 ft) is made up of a series of 
clean-cut overthrusts. Locally, many of the over- 
thrust nappes are intensely folded. The strata of 
the nappes are composed of sediments deposited 
along the northern margin of the Alpine geosyn 
dine. The High Alps zone includes the Bernese 
Oberland witik its snowfields and glaciers. See (',£ 
OSYNCLINE. 

Hercynian Massifs, The Hercynian Massifs in- 
clude two arcuate chains or zones of isolated 
blocks that resisted the northward advance of the 
Alpine folds. Included in the outer group are the 
central plateau of France, and the Vosges-BIaik 
Forest and Bohemian massifs (Fig. 41. The mas 
sifs of the inner group occupy positions within the 
High Alps, or “zone of Mont Blanc.” These deeplv 
eroded massifs form the jagged skyline of the 
Aiguilles Rouges and the adjoining Mont Blam 
(15,732 ft). Both the Aiguilles Rouges and Mont 
Blanc massifs emerge along the ♦rests of a great nj 
mulation. To the northeast the Hercynian founda- 
tion is covered by the nappes of the High Calcaremi'* 
^Ips (Fig. 3) . The nappes at this point lie in a tec 
tonic depression beyond which Hercynian element" 
emerge in another culmination as the Aar and St 
Gotthard massifs. 

Pennine Nappes, The Pennine Alps compri'se a 
lofty region of pyramidal peaks, including the 
Matterhorn (14,705 ft) and Monte Rosa (1!) 
215 ft). Structurally, the Pennine Nappes, or Pen 
nides. are composed of a series of six great recum 
bent folds (nappes) which were squeezed out ol 
the Alpine (Tethys) geosyncline. Each nappe ha" 
a core of older rocks, mainly gneisses, and an en- 
velope of metamorphosed rocks (schistes lustrp.s> 
and newer sedimentary rocks (crystalline linte* 
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Pig. 2. Crosi faction of the Western Alps. Dashed (Adopted from A. Holmes, Principles of Physical 

lines show proboble post position of eroded strata. ogy, Ponald, 1945) 
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l)Kibl«r«t* Napp«' Wildhorn Nappe 'Mercies Nappe 


Fig. 3* Section showing nappes of High Calcareous 
Alps exposed in tectonic depression between culmina- 
tions. Nappes advanced at right angles to the section 
,n direction away from the observer. (Adapted from 
A Holmes, Principles of Physical Geology, Ronald, 
1945) 

atones). These rocks represent the floor and later 
deposits of the geosyncline (Fig. S) . 

Within the Pennides, the Simplon Nappes 
(Monte Leone, Lebendum, and Antigorio) arc the 
lower members of the series. Of the higher nappes, 
the Great St. Bernard Nappe overrides the Simplon 
Nappes; the Monte Rosa Nappe plunges in back 
of the St. Bernard Nappe; and the Dent Blanche 
Nappe was thrust forward over all the others but 
has since been removed by erosion (Fig. 2). 

To the east the Pennine Nappes continue at a 
lower level as the Lepontine Alps (Austrides of 
R Staub and East Alpine Nappes of L. Koher). 
Here the Pennine Nappes remain iinexposed ex- 
<ppt in the windows of the Lower Engadine and the 
High Tauern, where the two upper members of the 
•'Pries have been recognized (Fig. 4) . 

Zone of roots. The “roots” of the Pennine 
Nappes lie in a long narrow zone near the Italian 
frontiei. Here the nappes turn vertically down and 
Appear to be rooted in the ground. On the south 
side and in contact with the Pennine root zone lie 
the roots of the Austrides, or nappes of the East- 
ern Alps. Still farther south are the roots of the 
Dinarides, or nappes of the Dinaric Alps. To the 
east the root zone gradually widens with the intro- 
duction of the Austride and Dinaride structural 


mixed rock material eastward. The core area then 
sank and the slide area rose, producing Ike peniil'* 
sula of modern Italy on which erosion has carved the 
Apennines. 

Carpathians. The Carpathians represent a con- 
tinuation of Alpine structure eastward, but with 
variations. An internal zone is composed of pre- 
Carboniferous crystalline rocks and a nearly com- 
plete Mesozoic sequence. This was deformed in 
Late Cretaceous and Early Tertiary time. The outer 
zone consists of Cretaceous and Early Tertiary sed- 
iments which were cast into overturned folds and 
thrust sheets during Miocene time. The movement 
of thrust sheets was toward the north. 

Pyrenees. The Pyrenees are a belt of sharp folds 
and overthrusts involving principally massive Mes- 
ozoic limestones. The Aquataine Basin to the north 
is the site of thick Cretaceous and Tertiary sedi- 
ments, which have been derived from the rising 
Pyrenees. Many Alpine characteristics have been 
noted. 

Middle East Cordillera. Lnder this term the 
mountain complex of Turkey, the Caucasus of 
Georgia, the mountain complex of Iran (also called 



Fig. 4. Tectonic mop of the Alps. A, Aor Mosstf; 
B, Mt. Blanc; G, St. Gotthard Moisif; R, Aiguille* 
Rouge*. (Adopted from A. Holmes, Principles of Physh 
cal Geology, Ronald, 1945) 

m. - — Pennine Nappes— —♦ 


elements. 

The originally great width of the geosyncline is 
implied in the sedimentary strata of the napped. 
Horizontal compression culminated in^ Miocene 
limes and during its progress the rocke must have 
been unusually plgstic. Evidence of lubrication by 
: hot migrating fluids is furnished by the prevden^ 
migmatites, with swirling structures produced 
I hy flowage, in the deepest parts of the roots. 

ApanniMS. The Apennines traverse peninsular 
Italy and according to one theory form the quler 
of a mountain system, the core of which 
submerged beneath the Tyrrhenian Sea. From th 
^ore area, which was a linear clement of uplift, great 
landslides, mostly submarine, moved huge masses o 
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Fllkleau oi Iran and including the Elburz Moun- 
taiaa at the south end of the Caspian Sea), the 
motmtains of Afghanistan and western Pakistan to 
the Indus River, and the great Hindu Kush are in- 
cluded. This great belt stretches uninterrupted for 
2500 miles, and in Iran is about 800 miles wide. It 
is a continuation of the Alpine Cordillera and con- 
sists of mountains built chiefly during Tertiary 
time. 

Himalayan Cordillera. The Himalayan Cordil- 
lera as here defined starts with the complex knot 
of mountains known as the Hindu Kush and the 
Pamirs on the west and extends eastward through 
the high and beautifully arcuate mountain chain of 
the Himalayas. At the east end of the Himalayas 
the ranges veer sharply southward to pass through 
Indochina and down the Malayan Peninsula. 

The world’s most extensive development of 
mountain systems is included between Lake Baikal 
in northeast central Asia and the Himalavas on the 
south. The ranges that wrap around T-ake Baikal 
were first formed during mid-Paleo7oi<* lime (Cale- 
donian orogeny). The belt of compressional defor- 
mation extended as far south as the eastern Altai 
Mountains in Mongolia. 

Another belt of compressional mountains was 
added on the south in late Paleo/oh* time (Iler- 
oynian orogeny). This belt included the western 
Altai Mountains, the Tien Shan, and rhe bordering 
ranges of Tibet. In mid-Mesoroic time the Tsinling 
Shan, which extends eastward to the Hwang- 
Yaiigtze delta plain, was built, and finallv the great 
arcuate belt of the Himaluvas was welded onto the 
growing continent in Tertiary time. 

The Ganges plain on the south marks the site of 
an exceedingly deep basin which sank as the ero- 
sional waste from the Himalavas collected. Tre 
niendous eaithguakes indicate continued crustal 
unrest and probably the continued rise of the gn‘dt 
mountain mass. Although the geology of the Hima- 
layas is only known fragmentarily, it is piobably 
alpine in tvpe. 

East Indies arcuate complex. The islands of the 
East Indies from Sumatra to New (guinea extend 
over 3000 miles in an east-west direction and hence 
cover a region as large as the United States. They 
are divided geologicalh into four more or less con- 
centric narrow arcuate belts of crustal deforma- 
tion. each a separate fold and intrusive rock sys- 
tem. The centrally located and oldest, of Late 
Turassic age, extends from Burma through Malaya 
into West Borneo. The next younger, of Cretaceous 
age. runs through Sumatra and Java and into 
southeast Borneo. The next, of mid-Miocene age, 
extends along the outer side of Sumatra and Java, 
around the inner arc of the Banda Sea, through the 


Celebes to Mindanao. The fourth is outside th 
mid-Miocene belt and runs from West Burm^ 
through the Mentawai Islands, the Timor-Cera^ 
arc and the Celebes to Mindanao. It develop^ 
from Late Cretaceous to mid-Miooene time. The re 
markable rows of volcanoes, the concentric subma 
rine trenches, the belt of negative gravity anomd 
lies, and the deep-seated earthquake foci all 
contribute to a world-wide interest in this region 

CIRCUM-PACIFIC CHAIN 

The Circum- Pacific belt embraces the cordilleras 
of South and North America, the eastern Asian, 
island archipelagos and the New Zealand-New 
Guinea systems. 

North American Cordillera. The master division 
of the North American Cordillera is the Nevadan 
belt, which is typified by the Sierra Nevada of Call 
fornia. Other divisions included in the North Amer 
ican Cordillera are the Rocky Mountains bvsiem 
the Coast Ranges of California, and the mountain 
systems of Mexico.' 

Nevadan belt. The Sierra Nevada of California 
had its beginning in a thick accumulation of sedi 
ments and interlayered volcanic rocks. These wen 
tightly folded and somewhat metamorphosed and 
then intruded by immense volumes of molten rock 
When the molten material crystallized, it formed 
great bdtholiths. The term granite is commonb 
used to characterize the batholithic ro(k, but ai 
tiidllv much of it contains less silica and potassium 
than does a true granite and should be (.dlled t 
granodiorite. The intrusions occurred from the Ik 
ginning of Cretaceous to mid-Crptac^>us time llu 
batholithic and metamorphic bell extends fron 
Alaska to Tierra del Fiiego with possibly onlv one 
break in Central America. See Bathoiith 

Rarity Mountains system. This system lies in 
side feast of) the Nevadan (Fig. 6), and is (hai 
acterized bv folded and thrust-faulted strata cd 
Paleozoic and Mesozoic age and intruded bv nii 
merous small igneous bodies called stocks (o# 
Pluton) The deformation and intrusions came 
generally after the Nevadan intrusions, in Late Cre 
taceous and Early Tertiary time. After consider 
able erosion of the folds and thrust sheets, llif 
stocks were exposed, and then wide-spread vokan 
ism blanketed large parts of both the Nevadan ami 
Rockv Mountain belts with assorted volcanic rock*' 

The region of the Rocky Mountain belt between 
the Wasatch Mountains of central Utah and the 
Sierra Nevada of eastern California was broken b' 
numerous faults which cut the older fold structure^ 
at ail angles. The present ranges and valleys were 
largely blocked out by these faults and. as a consc 
quence, the Great Basin of internal drainage was 
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Fig, Idealized cross section of Nevodon and Rocky Mountain belts from California to Colorado. 


former*- major valleys are of structural 

lri«in w*®' **“ erosional. 

Coast Ranges. The Coast Ranges of California. 
Oregon* and Washington are parts of a young 
mountain belt welded seemingly by compressional 
(ofoes on the edge of the continent. They involve 
western margin of the older Nevadan belt and 
fontain in places great thicknesses of Cretaceous 
jod Cenozoic strata which accumulated after the 
ImthoUthic intrusions. The San Andreas fault is 
(,iie of a related system along which the oceanward 
block of orusi has moved horizontally northwest- 
ward for many miles. It is still very active. 

metiro. The Nevadan belt extends southward 
the length of Baja California and probablv 
through the Sierra Madre del Sur. The Gulf of Cal- 
ifornia appears to he a downfaulted zone with the 
San Andreas fault system extending into it from 
the north. The Sierra Madre Occidental is a vast 
inicanic field over an underlying structural com- 
plex similar to the Rocky Mountains and Great 
Basin svstem of the United States. The Sierra Ma- 
dre Oriental is a continuation of Rocky Mountain 
.inicliire into east-central Mexico from west Texas 
and New Mexico. 

South American Cordillera. This cordillera, al- 
though supporting much higher peaks, is consid- 
erahlv narrower than the North American Cordil 
lera in the United States. Its dominant element is 
the Nevadan batholithic and metamorphic belt 
whuh borders the Pacific coast for most of the dis- 
l.inie from Columbia to Tierra del Fuego. Inland 
and flanking the Nevadan belt is a fold and thrust 
belt of vounger age. somewhat like the Rocky 
Mountain system but generally narrower, in places 
the two belts are separated bv long narrow down- 
dropped fault blocks, but in other places the fault- 
ing transgresses both belts. Associated with the 
faulting, if not everywhere geographicalU then at 
the same time (Tertiary), are large outpourings of 
volcanic rock which extensively cover t''- balho- 
lithic and fold belts. The highest peaks of Peru. 
Bolivia, and Chile are volcanic cones built above 
the general terrane. Along the coast of Peru 
Eniddor coast ranges have been added to the Ne- 
vadan belt in more recent geologic time. 

Asiatic island arc complex. The Circum-Pacihc 
mountain chain of late Mesozoic and Cenozoic age 
is represented by an imposing array of island arcs 
in the western Pacific; very little of ibe eastero 
margin of the mainland of Asia is involved in mo 
ern mountain building. Starting with the island arc 
of the Aleutian? the belt is traced through .Kam- 
chatka and the Kuriles to the Japanese atchipel- 
ago, and then southward in two major spurs, one 
along the Ryukyus (Nansei Shoto) to Formosa and 
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the Philippines, and thene.e to the Dutdt East In- 
dies complex: the other through the Bonine and 
Mariana arcs and Yap and Palau to Halmahera of 
the East Indies. This is a region of vigorous moun- 
tain growth at the present. Its characteristics are 
discussed under island arcs. 

The wide belt of mountains occupying nearly all 
of Alaska, except the Arctic Giastal Plain, extends 
into Siberia. Recent U.S.S.R. maps show that the 
belt curves southward around a small central shield 
and projects under the Okhotsk Sea. Evidently, 
this main and somewhat older cordillera lies sub- 
merged under the Okhotsk and Japanese Seas 
between the mainland and the island archipelagos. 

OLDER CORDILLERAS 

Major mountain systems older than those hereto- 
fore described occut extensively in North America, 
Eurasia. Australia, and Africa. The Appalachian 
Highlands include rather ancient svstem? in New- 
foundland. the Maritime Provinces, and New Eng- 
land where the limes of mountain building were 
Late Ordovician (the Taconic orogeny) and Late 
Devonian (the Aiadian orogenv). The classical 
Appalachians of the eastern I'nited States, whose 
parallel flat-topped lidges are erosional lemnants 
of folds and thrust sheets, were formed in Pennsyl- 
vanian and Petmian time (the Apiialachian orog- 
eny). The crystalline piedmont ol Virginia, the 
Carolinas, and Georgia seems to be a continuation 
of the Taconic and Acadian belts of New England. 

In Europe, most of Norwav is a mountain belt of 
Late Silurian age (the Caledonian orogeny). It pro- 
lects soulhwestward ai ross the central and north- 
ern parts of the British Isles. Discordantly super- 
imiiosed on the Caledonian belt and lying aetTOs 
southern England is a later belt of Pennsvlvaman 
and Permian age. the Henvnian This spreads 
through most of France and part- of l.ermany 

north of the Alps and .Liras. 

The foundations of BritUnv, the Vosge*. the Ar- 
dennes. and the central plateau in France are Her- 
evnian. The same is true of the Black Forest, the 
Harz Mountains, and the Bohemian massif of Ger- 
man v Most of .Spain h Herevnian mountain struc- 
ture and basement elemenlb of the vounger Pyre- 
nees and Alps, such a* the Mont Blanc and 
Aiguilles Rouges massifs, reveal Herevnian -true- 

turo^ • 

The depressed regions between these various 

remnants of late Paleozoic mountains are bun^ 
beneath later sediments, but there is lillle dou^ 
that all the massifs mentioned are parts of a belt 
which is continuous in depth. 

The succession of older mountain systems in 
Asia south of Lake Baikal has been mentioned iif 
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Fig. 8. Island arcs and deep trenches of the western 
Pacific. 


the discussion of the Himalayan Cordillera. The 
Urals of Russia are also an ancient mountain sys- 
tem of Paleozoic age. 

In the sites of the late Mesozoic and Cenozoic 
cordilleras of North and South America the build- 
ing of mountains during Paleozoic time is well 
recognized. In the Pacific marginal belts of the 
Americas mountain building has been going on 
from at least mid-Paleozoic time to the present. It 
reached climactic activity in the Nevadan orogeny 
of Early Cretaceous time. 

ISLAND ARCS 

Between some of the continents there are con- 
necting mountain belts of the island-arc type, such 
as the Antilles between North and South America, 
the islands and submerged arc of the Scotia Sea 
between South America and Antarctica, and the 
Dutch East Indies between Asia and Australia. The 
smoothly curved festoons of islands in the western 
Pacific from Alaska to the East Indies have at- 
tracted great interest for many years, and now, 
with modern oceanographic and geophysical in- 
strumentation, they are again an intriguing sub- 
ject (Fig, 8). 

Characteristics. In the early stages of growth 
an island arc is a row of volcanic cones built on a 
great curved swell of the ocean floor; the tops of 
the cones generallv protrude above water and form 
the islands (see Oceanic islands). The arcuate 


rows of volcanoes are convex toirard the ocean 
and on the convex side of the ishnd arc is a 
lei trench. Whereas the general ocean floor is 19. 
000-15,000 ft deep, the trenches reach depths of 
25,000-35,000 ft (see Submarine topocrapry) 
In places there are two subparallel arcuate rows 
of islands, one back of the other, and in the sub- 
marine topography even a third swell may he sug. 
gested. These are regions not only of many active 
volcanoes, but of repeated earthquakes, so that 
there is little doubt that the crust is being energeti- 
cally deformed. The sites of the trenches have be^ 
found to be the positions of a great deficiency in 
gravity, and from this observation it is deduced 
that the light-weight upper crustal layers have 
been downfolded into the underlying heavier sub- 
crustal and mantle rocks. As long as forces, what- 
ever they are, hold down the thickened crust, there 
will be a negative anomaly of gravity as measured 
at the surface. As soon as the forces relax, the 
downfold will adjust upward like a buoyant ship 
rising in water as its cargo is unloaded. A moun- 
tain range may appear out of the ocean in the place 
where formerly there had been a trench and a vol- 
( anic island arc. .See Terrfstrial gravitation. 

The positions of shallow, intermediate-depth 
and deep-seated earthquakes have been cnarted in 
relation to the island arcs and trenches. These are 
found to be approximately along a great curved 
surface which dips downward at about 45^ under 
the continent from the trench to depths of nearh 
700 km (Fig. 9). The integration of the geological 
and geophysical data has not been satisfactoriK 
accomplished as yet although a numb^ of attempt*, 
have been made. Nevertheless, it is believed that 
the continental cordilleras will be better under 
stood when the island arc mysteries are solved 

Sialf and sima. These terms are used to depict 
the upper layer and the lower layer, respectively 
of the crust. The sial is composed of all the rock^ 
exposed at the surface and is high in silica and the 
alkalic elements. The sima is leaner in silica and 
richer in iron and magnesium. The sial has a den 
sity of about 2.7, whereas the sima is about 3.0. Be 
low these layers is the great shell called the man 
tie. It has still less silica and more iron and mag 
nesium than the sima; its density is about 3.3 im 
mediately below the sima and increases with depth 
Figure 10 illustrates the constitution of the crust 
of the continent and the ocean basin in idealized 
form. Seismic waves are reflected and refracted 
from the boundaries of the layers. The depth of 
these discontinuities has been shown to vary ; it 
generally deeper under major mountain ranges and 
shallower under the plains and stable regions. 

Andesite line. This line has been drawn to sepa 
rate the regions of andesitic volcanic rock from 
those of basaltic volcanic rock in the western and 
southwestern Pacific. It suggests what is'^irobably 
a significant concept. Andesite is a volcanic rock 
of higher silica content than its neighbor and com- 
mon associate, basalt. Basalt is believed to come 
directly from the subcrust or sima, which is also 




believed to be basaltic in composition. Andesite, 
00 the other hand, comes from a molten rock which 
jg either a basalt conuminated with material from 
the sial or has been produced entirely by the melt- 
ing of the lower part of the sial. Andesite, there- 
fore, is believed to mark continental conditions and 
perhaps, more specifically, mountain belts whose 
roots are melting. Basalt is commonplace in andes- 
ite terranw, and may be emitted intermittently 
with andesite from the same volcano ; such a locale 
is considered to be that of a continental mountain 
belt. In contrast, if only basalt is erupted, the locale 
IS considered to be oceanic. 

The andesite line separates the andesitic volca- 
noes of the western Pacific island arcs from those 
of the basaltic Hawaiian Islands, and from the ba- 
saltic Midway, Wake, Marshall, Gilbert, Ellice, 
Samoa, and the Caroline islands. Within the an- 
desite province are the Bismark, Solomon, New 
Hebrides, New Caledonia, Fiji, Tonga, Kermadec, 
Chatham, and Auckland islands, as well as New 
Zealand. 

SHIELDS AND STABLE AREAS 

Shields and stable areas are those parts of con- 
tinents which for considerable geologic time have 
remained fairly undisturbed and have not been in- 
volved in mountain building. The interior and 
northern parts of North America between the 
Rocky Mountains and the Appalachians is known 
as the stable interior or the “craton.” Part of the 
stable interior consists of ancient Precambrian 
rocks at the surface, and is called a shield, such as 
(he Canadian shield. Part of the stable interior con- 
sists of a basement of Precambrian rocks blanketed 
with a veneer of sedimentary rocks. Within this ve- 
neered part there are many broad basins and 
domes. See Precambrian. 

Some geologists have emphasized a theory that 
each continent has grown by the accretion of moun- 
tain belts around a nucleus and that each belt in 
turn adds to the stable nucleus. This seems plausi- 
ble for the continental margins that border the Pa- 
cific, but aside from North America with its Ap- 
palachians, the continents that border the Atlantic 
and Indian oceans do not have marginal belts. In 
a number of places, mountain belts like the Cale- 
donian of Great Britain and the Hercynian of Brit- 
tany, trend normal to the coast line and disappear 
under the ocean. 

Rift valleys are long narrow depressions, gener- 
ally in stable or shield areas, which have been 
formed by relative down-dropping of a jvedge- 
•^haped block of the earth’s crust. It is- possible 
that the adjacent crustal blocks rose more than 
the wedge block sank. The fault valleys formed are 
also called graben. Thus we speak of the Rhine 
graben, 20 miles wide and 200 miles long. The clas- 
•^ical rift valleys are those in Asia Minor and East 
Africa. They include the depressions occupied by 
the Dead Sea, the Red Sea (including the Gulfs of 
Suez and Aqaba), and the deep« lake depressions 
of Tanganyika and Nyasa. The great East African 
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F*g.^ 9. Earthquakes of the Kamchotko-Kurlle region 
projected to on intermediate verticol plane. (After 
H. Benioff, Gee/. Sec. Am. Spec. Poper 62, 1955) 



Fig. 10. Sial and sima at the continental morgin, 
Black denotes unconsolidated sediments, stippled pat- 
tern denotes sem {consolidated moterial. 


rift valleys extend nearly 2000 miles from south to 
north, and the faults cut through all types of rocks. 
Some volcanism is present, seemingly connected 
with the faulting. The origin of the rift valleys is 
still unsettled. See Rift valley; see also Cordil- 
LERAN belt; MOUNTAIN SYSTEMS. [A.J.E.] 

Bibliography: L. U. De Sitter, Structural Geol- 
ogy^ 1956; A. Holmes. Principles of Physical Ge- 
ology^ 1945. 

Tectonophysics 

The science of the physical processes involved in 
forming geological structures. It is part of an older 
branch of geology called tectonics. 

The application of physics to geological prob- 
lems has enabled tectonophysics to provide a 
deeper understanding of the earth in three ways: 
description is now possible of the divisions of the 
earth’s crust and the substrata of the upper mantle 
as well as of the land surface; some theories of the 
nature and rates of processes within the earth harve 
been proposed; and the location of tectonic forces 
has been discovered to lie at depths of tens or 
hundreds of kilometers rather than at the surface. 

DESCRIPriqN: UPPER MANTLE AND CRUET 

The chief divisions of the interior of the earth, 
determined by studies of the elastic waves gener^ 


iarge earthquakes* are the solid crust, the 
^hditd sifiantle, and the liquid core. 5ee Earth in- 
Seismology. 

The base of the crust lies at a depth of 
; Irom 5 to 60 km. The crustal envelope may be 
divided in two stable parts, the ocean floors and 
the continents, and two active parts, the mid-ocean 
and continental fracture systems. 

Mantle. According to K. E. Bullen, this internal 
zone is concentrically layered with chemical, not 
phase, changes at depths of 413 and 984 km. It 
probably consists of impure magnesium and iron 
silicates containing about 40% Si02 and known as 
ultrabasic rocks. Unfortunately, the abundance of 
heat-producing, radioactive elements, which is par- 
ticularly important in tectonophysics, is unknown. 

Core. There is no evidence that the core has had 
much influence upon the earth’s surface features, 
which are portrayed in the crust and are considered 
to be molded by actions in the outer part of the 
mantle. 

Ocean floors. Covered by an average of 5 km of 
sea water, ocean floors form more than half the 
earth’s crust. They appear to be structurally simple, 
uniform in character, and probably very old. A 
typical section consists of 1 km of sediment, having 
a seismic-wave transmission velocity of about 2 
km/sec and a density of 2.3 overlying a layer 4.5 
km thick of basalt. This basalt has a velocity of 



key 

* mid-ocean ridges 

ocean depths less than 1500 fathoms 
land 

Rg. 1. Mid-oceafi fracture system and ridges. 


about 6.5 km/sec, a density of 2.85, and a 
of about 50% silica. 

MM-ocean fractura system. This system folio 
ridges upon the ocean floors, beneath which 
the second most active seismic system on earth T* 
19.56, W. M. Ewing and B. C. Hciezen combined 
bathymetric and seismic evidence to suggest th^ 
the mid-ocean ridges form a continuous ^ 
about the earth. 

Where it has been examined, the ridge feature 
consists of a broad swell several hundred kilometers 
wide, with a rugged crest rising from 3000 to nearl^ 
11,000 m above the deep ocean floors. Together 
with its known branches, this system is over 40 ooo 
km long, and the main part everywhere maintains a 
position as far removed as possible from continen- 
tal margins. Where the ridge has been closeh 
studied, a central longitudinal rift has generall\ 
been found, beneath which lie earthquake fori 
whose depths never exceed 70 km. Beneath dis- 
continuous shallow ;poekets of sediment, the upper- 
most 3 to 5 km of thb ridge has an average seismic, 
wave velocity of 5.2 km/sec, identified as haaalt. 
Beneath this, a deeper layer, perhaps a mixture of 
basalt and ultrabasic rocks, with an average veloc 
ity of 7.2 km/sec, forms a root which may extend 
to 30 km below sea level. Gravity measuremenrs 
suggest that the ridges are in isostatic equilibrium. 

The ridges appear to have been accumulating in 
their present positions for a long time, perhap.^ as 
long as the continents. 

Continental fracture system. The most active 
part of the earth’s surface, this system comprise'* 
the seismically active mountains and island arcs at 
the borders of continents. It has a T sflape and lie^ 
around much of the margin of the Pacific Ocean 
and crosses southern Eurasia. 

Analysis of the geological and geophysical fea 
tores of this system has suggested that it is made 
lip of two types of elements called primary and 
sec ondary arcs, each repeated many times in vari 
oils stages of evolution. 

Primary arcs. Such arcs are volcanic and igneous 
mountain chains or island chains, of which a typi- 
cal cross section is illustrated. They have these 
distinguishing characteristics : 

1. Their shape is circular, concave toward the 
nearest continent. 

2. They have recent andesitic volcanic and older 
granodioritic igneous activity (rocks with about 

60% SiOz). 

3. All the deepest trenches in the oceans parallel 
them. 

4. Large negative gravity anomalies occur along 
them in narrow strips {see Orogeny; Terrestwai 
gravitation). 

5. Most of the world’s shallow earthquakes* 
and all the world’s deep earthquakes (from 70 to 
700 km deep) occur beneath them. 

6. They rest upon no basement of more ancient 
rocks. 

The first four of the primary arcs listed in Table 
1 are regular and are believed to be stages in 




Fig 2 The continental fracture system of active mountains and island arcs 


fvolutiondry sequenre by which small island arcs radiates from the junction Examples occur ^at the 

grow through volcanism, metamorphism, and up- Alps and in Bolivia, where the Rhine and Chiquitos 

lilt into great mountain ranges. grabens are well known. See Crabfn. 

Seiondary arcs. These commonly occur opposite Double lineament junction The third type of 
the jiim tionb of primary arcs and are lesb volcanic, junction is the double lineament junction, giving 

Ifss Igneous, and less metamorphosed. They are rise to broad mountain systems. In this case, two 

(on\ex toward the continent and consist of a welt lineaments radiate from the junction of two pri- 

of uplifted older basement rocks, beyond who h is a mary arcs and enclose the secondary arc between 

of sedimentary rocks, folded and thrust on to them at a distance of several hundred kilometers 

the (ontinent Although they form some of the from the junction. A lineament is a disturbed zone 
preat mountains of the world, they lack the geo- along which there is faulting and across which 

plnsicdl evidence of deep connections which dis changes occur in rock facies and 8t*’ucture. The 

linguish primary arts. Cordillera of North America provide the best ex- 

Arc junctions. Such junction pattern*- are of amples ^ 

three mam types — reversed arc, single graben, and Related continental patterns. The continents 
double lineament cover more than one-quarter of the earth s snrface 

Riversed arc junction. The simplest is the re- and have a thickness of from 30 to 60 km. Conti- 

versed arc junction in which one primary arc is nental crustal thickness is determined both by the 

joined to two others facing in the opposite direc- refraction of seismic waves from large explosions 

tion by large faults. An example is the West Indies. and by measurement of changes in phase velocities 

Single graben junction. A second type gives rise of surface earthquake waves. They are blocks of 

to narrow mountain systems In this, the junction gneissic rock with a composition of 60-70% of 

of two primary arcs is capped by a secondary arc S 1 O 2 overlain by well-sorted sedimentary rocks 

i>eyond which one graben or broad structural valley gec^ynclincs 


Tible 1. Active primary arcs and their features ^ ** 

Name Sedimentary part Igneous part 


Single island arc 
Double island arc 
Single mountain arc 
Double mountain arc 

Eractured straight island 
chain 


Trench 

Sedimentary 

Trench 

Sedimentary 


Volcanic islands 
Volcanic islands 
Igneous ranges 
Igneous ranges 


Example 

Kuril fs. 

Aleutian Is. at Kodiak 1. 
Central Andes 
Coa^t, Cascade, and Sierra 
Nevada Mtns. 


Irregular features ' Irregular feature. Solora^. 




reach a thickness of more than a few hundreds or 
thousands of meters. 

Until recently, it seemed natural that continents 
should be regarded as permanent, but considera- 
tion of the rates at which geological processes act 
now indicates that they have grown. In 1927, 
K. Sapper pointed out that volcanism was resulting 
in extrusion of lava, mainly andesite, at a rate of at 
least 0.8 km-'^/yr. This was thought to be due to the 
downwarping and remelting of continental margins 
along the continental fracture system, until the dis- 
covery that such marginal seas as Bering, Carib- 
bean, or Tasman seas are underlain by oceanic 
crust showed that the andesites were new acces- 
sions of crustal material. The rate is approxi- 
mately sufficient to have extruded all the crust in 
geological time. The suggestion that this has hap- 
pened is supported by the proposals by W. W. 
Rubey and others that all the oceans and atmos- 
phere are also products of volcanism. 

Recent measurements of the rates of formation 
of sediments and comparisons between the relative 
volumes of recent and ancient sediments suggests 
that lavas are eroded to sedimentarv rocks, which 
accumulate along continental margins where they 
are ultimately metamorphosed to gneissic rocks 
during the formation and evolution of primary arcs. 
On other margins of continents, older, inactive 
mountains like the Appalachians, display similar 
patterns to existing active mountains, lliis suggests 
that the continental fracture system occasionally 
moves from one margin to another, thus enlarging 


the continents first on one side, then on another. 

The loads thus formed upon the surface, slowly 
settle into approxi^pate hydrostatic balance, but 
after extrusion, the rocks assume less dense forms, 
and thus the continents stand high (see Isostasy). 

The development of radioactive methods of age 
determination has radically lengthened and 
changed our conception of Precambrian time. It 
is now apparent that continents are not primeval 
blocks, but that each is zoned and that each zone 
may be a former location of part of the continental 
fracture system. 

Thus, the fundamental problems in tectonophys- 
ics are to provide theories for the location, forma- 
tion, and structure of the mid-ocean and continental 
fracture systems. ♦ 

MECHANICAL BEHAVIOR OF EARTH MATERIALS 

Before considering the forces in the earth’s cru<tt 
and the major structures jof the crust, it will be 
well to consider the rate at which deformation pro 
ceeds and the mechanism of those smaller deforma 
tions, faults and folds, which have shaped the crust 

Dynamics of faulting. Rock fractures are of two 
classes: joints or tension cracks, which are partings 
without appreciable relative movement of the two 
sides, and faults, which are shear failures. Faults 
have been divided into three classes whose proper- 
ties are given in Table 2. 

Faults are an expression of localized mechanical 
failure of the material of the earth’s crust. The 
classical theory due to O. Mohr has been used by 


Table 2. Characteristics of the three classes of fault 

Property Normal Transcurrent Thrust 

Vertical axis Major Intermediate Minor 

Dip 65^ and straight 90^ variable 25^ 

Strike Wavy Straight Very wavy 

Direction of movement Down dip Horizontal Up dip 

Nature of fracture Brecciat^ Indeterminate Sheared 

IntrusiveB Dikes possible Uncommon None 

Ck>nnectionB with mountains None; gravity greatest Yes; faults at 25^ to Yes; faults normal to 

force forces forces 


M* Andewo® to explain the different types of 

Over a broad area, the surface of the ground can 
lie considered to be plane. Since it is a surface of 
00 shear, one of the principal directions of stress 
p Q, and R, (Fi«. 4), will be nearly vertical, and 
die other two horiaontal. Suppose P>Q>R, where 
stresses are considered to be positive if pressures, 
negative if tensions. Three possible relations then 
exist which correspond to the three types of fault 
and explain their characteristics. 

NornuU faults. The greatest pressure, P, is verti- 
cal In general, the horiaontal stresses will not be 
equal, and if failure occurs, it will take place along 
a plane parallel to Q, inclined at an angle ^ < 45° 
with the vertical. Tlius, the fault planes dip at 
angles greater than 45°, striking at right angles 
to the direction in which relief of pressure is great- 
est. The motion is such that the horizontal extent 
Ik increased and is characteristic of a normal fault. 

Transcurrent faults. If the intermediate prin- 
cipal stress Q is vertical and failure occurs, it 
must happen in a vertical plane inclined at an 
■ nglft ^ < 45° with the greatest pressure P. The 
dip is vertical, and movement is nearly horizontal, 
characteristic of a transcurrent fault. 

Thrust faults. If the minimum pressure R is 
vertical when failure occurs, it will take place 
along a plane parallel to Q, inclined at an angle 
^ < 45° with the direction of P. Thus, the fault 
planes will have shallow dip, and motion such that 
the horizontal extent will be shortened. In this case, 
the characteristics of a thrust fault are explained. 

Dikes. Although dikes are found along some 
normal faults, this is not usual. Dikes are much less 
common than faults, and most follow tension cracks 
which form parallel to planes of no shear. See 
Pi UTON. 

Dynamics of folding. The folding of sedimen 
tary beds and the formation of mountain ranges 
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show that crustal locb may be highly deformed hi 
a manner which could result only from plastie flow 
tree Rock mechanics). 

Under the ordinarily familiar condithma and 
len^B of time, most rocks behave aa very brittle 
solids. Therefore, the plastic deformation of rocka 
must take place over greater lengths of time and 
at higher temperatures and pressures. While the 
temperatures and pressures involved in near°8ur* 
face phenomena can be reproduced in the labora* 
lory, the enormous intervals of time involved pre- 
clude the possibility of directly observing the plas- 
tic deformation of rocks in geology. NevertbelesSy 
many model experiments have been carried out. 
Where only mechanical phenomena are to be con- 
sidered, the scale of a m^el is related to the origi- 
nal by three arbitrarily chosen parameters. Mass, 
length, and time are usually chosen, and the ratio 
of all other physical properties can be expressed in 
terms of the scale ratios /, and In problems of 
geologic nature, forces due to gravity are of prime 
importance, and the acceleration due to gravity is 
usually the same in the model as in the original. 
Thus, the product ^ = 1, or, / » f*. 

In consequence, if the time ratio is suitably 
chosen, the length ratio usually renders the model 
microscopic in size. Conversely, the time scale im- 
posed by a convenient choice of linear dimensions 
is usually far too great. Moreover, in many cases, 
correct scaling ratios require the model to be made 
of materials having unrealizable physical proper- 
ties. 

Although most geologic problems cannot be 
scaled down to laboratory experiments, the results 
of such experiments as can be performed lend gen- 
eral support to the supposition that the apparently 
brittle and rigid nature of surface rocks is not iti- 
consistent with rock flow over great distances and 
over long intervals of time to give rise to folded 
rocks and mountains. 

Important experimental work with models has 
recently been described by V. V. Beloussov, W, H. 
Bucher, D, T. Griggs, M. V. Gzovski, E, Cloos, and 
J. W. Hardin. 

Rates of tectonic deformation. A. E. Scheideg- 
ger has classified stresses according to whether 
their duration is short, intermediate, or long. The 
upper limit of stresses of short duration is about 4 
hours. In this range, the material of the crust and 
mantle behaves as an elastic solid with a rigidity 
of about 2 X dyncs/cm* and a Young’s mod- 
ulus of about 5 X 10^2 dynes/cm^ If the elastic 
limit is exceeded, the material undergoes brittle 
fracture. This information is obtained from labora- 
tory experiments and the passage of earthquake 

waves. ^ ^ • 

The time range of stresses of intermediate dura- 
tion is from about 4 hours to 15,000 years. Infer Aa* 
tion on this time range comes from two sources: 
the damping of the earth’s free nutation and Ithe 
release of stress in earthquake sequehces. If tt is 
assumed that the mantle behaves aa a Kehria body* 
exhibiting elastic, aftereffect, it fcdbws dud ^ 
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two Kelvin constants corresponding to rigidity and 
viscosity are 

Mic « 2 X 10** dynes/cm* 
and ** 3 X 10*^ g/sec-cm 

Kelvin, Maxwell, and Bingham bodies are theoreti- 
cal models of materials following particular laws 
of rheological behavior {see Elasticity; Rheol- 
ogy). The occurrence of earthquakes shows that 
the Kelvin-type behavior exists only up to a certain 
limiting stress. If that limit is exceeded, fracture 
occurs. It is not possible to say what the limiting 
stress is, or what the mode of fracture is. There is 
no justification for assuming that the results of 
experiments of short duration with rocks in the 
laboratory will apply to stresses in the intermediate 
range. 

Finally, there is the problem of the rheological 
behavior of the material of the earth’s crust and 
mantle under stresses of long duration, up to hun- 
dreds of millions of years. In this range, creep is 
the dominant characteristic, and even less is known 
about behavior. At the lower end of the time inter- 
val is the rise of some land masses due to isotasy 
since the melting of the ice at the end of the last 
ice age (see Warping, farth (rust). Estimates of 
the postglacial uplift of Fennoscandia are of the 
order of centimeters per century, corresponding 
to a value of tyy of about 10^^ gm/cm-sec, where 
•qu is the Maxwell body constant corresponding to 
viscosity. Thus, the earth’s mantle and crust show 
creep effects with a relaxation time of the order of 
20,000 years. However, mountain ranges can persist 
over several million years, their eventual disap- 
pearance being the result of erosion and not of 
creep. Hence, the material must also exhibit a 
yield stress, so that it approximates a Bingham 
body more closely. Estimates of the yield stress for 
the surface of the earth give 4 X 10® dvnes/cm*^; 
at a depth, it mav well be lower. In general, the 
creation of an orogenetic svstem will take place 
over millions of vears, and it is thus incorrect to 
use such attributes as rigidities and viscosities 
calculated from short and intermediate data to ex- 
plain such phenomena. On the other hand the laws 
of the intermediate time range govern local tec- 
tonics, such as folding and faulting, and those of 
short duration govern the passage of earthquake 
waves. It is this varving response of the earth to 
stresses applied over different time intervals which 
makes the studv of tectonophysics difficult and 
which has caused much confusion in the past. 

Rock failure. The forces and patterns of geologi- 
cal failure in the earth’s crust and upper mantle 
will be considered together. There is as vet no 
agreement upon which of manv possibilities is the 
cause of the earth’s surface structure. 

Poiar wandering. The hypothesis of polar wan- 
dering depends upon the nearly spherical ehape of 
the earth and upon its supposed abilitv to yield to 
long-term stress. If, from time to thne. large masses 
such as uplifted mountains or ice sheets are placed 
eccentrically upon the earth’s surface between the 



Fig. 5. Vertical cros^ section of convection current 
showing areas of maximum shear stress beneath a 
primary arc. (After F A Venmg Memesz) 



Fig. 6 Arc formation in a contracting earth. 


poles and the equator, they will produce force- 
tending to make the entire globe or the crust and 
upper mantle move as a unit relative to the polar 
axis. It seems possible that this has happened, and 
it may explain some paleoclimatic and paleomag 
netic observations, but no tectonic effects have yet 
been demonstrated. F. A. Vening Meinesz has en- 
deavored to show that many structural fracture** 
fit the shear pattern which would be caused bv a 
movement of the poles over 70° along the meridian*^ 
of 90° longitude. Unfortunately, the features which 
do fit the pattern are of very diverse ages, and few 
of them are due to shearing. There are large gaps 
in the pattern, unrepresented by any features, and 
other equallv important features are not explained. 

ContinentrU drift. This theory, now large] v super- 
seded, assumes a drift between parts of the crust. 
This assumption arose from evidence of past cli- 
matic changes, the supposed need for miration 
routes for anci^t animals and plants, me great 


shortening observed in surface folds in Alpine 
mountains, paralleiism of the coasts of the Atlantic 
Ocean, alleged similarities in stratigraphy between 
opposite coasts, and recent measurements of paleo- 
magnetism. The evidence for the last two is dis- 
puted, and the other reasons may have other ex- 
planations. See Submarine topography. 

Thermal convection currents. The theory that 
the major structures of the earth’s crust are due to 
subterranean thermal convection currents has re- 
cently been elaborated by W. A. Heiskanen and 
F. A. Vening Meinesz. See Earth (heat ilow). 
They believe that intermittent currents with chang- 
ing patterns have circulated throughout geological 
rime below a depth of a few tens of kilometers. 
They consider that early in the earth’s history, a 
first order convection system brought about the 
formation of the core and of a primitive sialic crust 
m the form of one continent. 

During the next stage, second and third order 
convection systems occurred through the whole 
mantle and rose under the present oceans to sepa- 
rate the continents. Later, higher order systems 
acted intermittently in the upper part of the mantle 
to form smaller tectonic features. 

Convection current theories have been popular 
because they ran explain the loss of heat by the 
mantle (in which radioactivity and temperatures 
arc unknown), and the negative gravity anomalies 
along island arcs (now considered to be due to light 
sediments), and because they can be treated mathe- 
matically. Difficulties arise, however, in trying to 
explain deep-focus earthquakes which arise from 
stress differences in terms of flow. 

Correlation with geology has alway® been in 
general terms and many contradictions* are unre- 
solved. Thus, the Mid-Allantic Ridge is attributed 
to rising currents and tension by some authorities, 
but to sinking currents and compression by others. 
In either case, the pattern of currents is hvdro- 
dvnamicaliy difficult to explain at the bifurcations 
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of the ridge in the Indian Ocean (see Fig. 1). 
Those favoring compression can find support to 
Pakistan where one branch of the ridge enter* 
Pakistan as a thrust-faulted range, while other* 
would emphasize that another branch join* the 
African rift valleys which they consider to be due 
to tension (see Rift valley). 

Contraction theory. Another important theory is 
the contraction theory, which once depended upon 
cooling in the mantle, but which can now be seen to 
be a necessary corollary of the growth of conti- 
nents. If the Mohorovicic discontinuity represents 
the original surface of the earth upon which has 
been extruded the crust and oceans with an average 
thickness of 20 km, the circumference of the origi- 
nal surface must have shrunk b\ 125 km. 

This contraction is considered to be the cause of 
the two fracture systems. No very striking char- 
acteristics have been observed in the mid-ocean 
system, hut the continental *»ystem has one out- 
standing peculiarity: it is formed of a scalloped 
series of conical fractures. Thus, the basic problem 
of mountain building is how a conical fracture 
can be formed on the surface of a shrinking sphere. 

H. Jeffrevs discussed the behavior of a cooling 
earth which he suggested should be thought of as 
consisting of three zon^s behaving in different ways. 

The innermost zone, extending from the center 
to within 700 km of the surface, is, he thought, not 
changing in temperature nor volume. The next 
zone, extending from 700 to 100 km, is cooling most 
activelv and hence contracting and stretching about 
the inner one. The outer zone above 100 km has 
already largely cooled, and it is losing support and 
hence is becoming compressed by the contraction 
of the intermediate zone beneath. 

This view is not altered in its essential points if 
the activity of the earth is regarded as being due 
primarily to emission of lava by, and hence shrink- 
ing of, the same intermediate zone. Nor is it altered 
if we use the levels at which earthquakes cease 



Fio. 7. Pattern of continental fracture system resulting from (a) compression and (b) exponsion. 


<700 km) aiitf at which a marked change in their 
oceura (70 km) as the boundaries of the 
WMMk Cooling may or may not have occurred. 

A, RItaema has deduced from his studies of 
Mtdiqoakns that the stresses in the earth are equal 
in all horiiontal directions. A. £. Scheidegger has 
shown that under these circumstances, according 
to 0. Mohr’s theory, conical fracture can occur, 
and that these cones should dip at about 20-30° 
near the surface if caused by compression and dip 
at about 60-70° at greater depths if caused by re- 
duction of pressure. The location of earthquake 
foci is not very precise, but the evidence does sug- 
gest that this is the shape of conical fracture zones 
below island arcs. 

The theory also explains fractured arcs, each of 
which has along it evidence of a great transcurrent 
fault like that along the axis of New Zealand. 

All the fractured arcs lie along one limb of the T 
of the continental fracture system. It is not likely 
that this distribution is due to chance. The pro- 
posed explanation is that only that arm had to 
undergo two sets of movements approximatelv at 
right angles to each other. Along two of the three 
limbs of the T. contraction or compression can take 
place without horizontal shearing, but along the 
third arm, shearing must accompany movement. 

The direction of the fractured arcs will depend 
upon whether they are primarily formed bv com- 
pression or bv relief of pressure, and a comparison 
between Fig. 7 and Fig. 2 shows that the cause of 
mountain building could have been relief of pres- 
sure in the zone between 70 and 700 km, as postu- 
lated. 

The contraction theory can also explain the prop- 
erties of broad and narrow mountain systems. Con- 




Fig. 8. Cross section and plans ot depth and surfoce 
of the two types of arc junctions. 


aider two primary arc fractures meeting in ^ 
zone of contraction; both are normal faults and 
tend to move apart, but cannot do so unless at least 
one additional fracture occurs at the junction. 

If one such fracture forms, it will tend to open 
allowing the rocks above to drop, forming a graben 
on the surface and the narrow type of mountain 
belt. 

If instead, two shears form and radiate out from 
the junction, they appear as lineaments, and this 
forms the wide pattern of mountain belts. 

Thus, the contraction theory, although not yet 
universally accepted, provides a physical explana- 
tion for far more tectonic details than any other 
theory. Fj.t.w.] 

Bibliography: E. M. Anderson, The Dynamics of 
Faulting, 2d ed., 1951 ; W. A. Heiskanen and F. A 
Vening Meinesz, The Earth and Its Gravity Field, 
1958; J. A. Jacobs, R. D. Russell, and J. T. Wilson. 
Physics and Geology, 1959; A. E. Scheidegger. 
Principles of Geodyngmics, 19.58. 

Tektite 

A general term applied to irregularly rounded, com- 
paratively small, glassy objects believed by some to 
have fallen through the earth’s atmosphere from 
outer space. They are named according to the lo- 
cality in which they are found; for example, tek- 
tites from Moldau River, Bohemia, are called 
moldavites; from Billiton Island, billitonitcs ; from 
Australia, australites; and those from Grimes 
County, Texas, bediasites after a town, Bedias. 

Physical form and properties. Tektites have a 
variety of shapes, although most o4 them are 
spheroids. Their surfaces may have a variety of 
irregularities such as grooves, conchoidal depres 
sions, concentric equatorial rings, and pits. The 
arrangdhfient of these features may suggest aero 
dynamic shaping. 

Tektites usually are dark in color; however, the 
Bohemia and Georgia samples are light green. All 
tektites are brittle and have a conchoidal fracture 
Their index of refraction is between 1.48 and 1 .53 
their specific gravity between 2.32 and 2.52. 

Many tektites, if examined by transmitted light, 
show irregular colored zones and small inclusions 
of lechatelierite (fused quartz). Tektitic glass fre- 
quently shows internal strains and occasionally 
contains bubbles but is never scoriaceous. Obsidian 
differs from tektites by the types and arrangements 
of inclusions. 

Composition. The composition of tektites, ob- 
sidian, and glass from the Libyan Desert are given 
in the accompanying table. Tektites are chemically 
similar to some igneous and sedimentary rocks, but 
are not chemically similar to the rocks with which 
they are found. 

Occurronce. Tektites are more difficult to find 
than stony meteorites, and therefore, their distribu- 
tion is not as well known as the distribution of 
stony meteorites. Tektites are numerous in Aus- 
tralia, with the greatest concentration ip the south 
and decreasing northwards, in all of Tasmania, in 
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the Philippine Islands, and in the lands adjacent 
to the South China Sea. They also have been found 
m Bohemia; the Ivory Coast of Africa; Colombia; 
and in Georgia and Texas. Tektites are associated 
with Eocene, Miocene, and Recent formations, in- 
dicating they either fell when these beds were ac- 
cumulating or were made within them by impacts of 
meteorites. 

Origin. The form and distribution of tektites 
suggest that small masses of viscous material en- 
tered our atmosphere, or formed therein before full- 
ing to the earth. How or where tektites originated is 
a mystery. Theories proposed are (1) tektites rep- 
resent siliceous material melted from stony mete- 
orites passing through the earth’s atmosphere; 
(2) tektites are fused material thrown from the 
moon after either a meteorite or a comet collided 
with that body; (3) they were formed by a meteor- 
ite striking the earth; (4) they are fragments of 
an exploded planet; (5) tektites are the debris of 
a comet which passed close to the sun; (6) they 
were formed by the fusion of earth material when a 
comet collided with the earth’s atmosphere. 

If tektites are extraterrestrial in origin, several 
problems must be resolved: No falls have been 
witnessed; there are no intermediate vaiieties be- 
tween tektites and meteorites; and tektites are ap- 
parently confined to a limited area, whereas mete- 
orites fall in all regions of the earth. Since tektites 
contain about 100 times more uranium than stony 
meteorites, they apparently were not formed from 
meteoritic matter. This observation, together with 
the fact that the potassium-argon age of tektites is 
the same as the sediments on which they are found, 
challenges the extraterrestrial origin of tektites. 
See Meteorite; Rock (ace determination). 

[E.F.H.] 

V 

Telecast 

A television broadcast, involving the transmission 
of the picture and sound portions of the program 
by separate transmitters at assigned carrier fre- 
quencies within the 6-megacycle-wide channel a^ 
signed to a television station. A telecast is intend^ 
for reception by the general public, just as is ^ a 
radio broadcast. The picture may be either in black 
and white or in full natural color, using amplitude 
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wlule th« aottnd poitba (in iSa* ThdlaA 
OMtee) UW frequency in«dul*tio&. The tend* 
Mign^ for telecBMa by the Federal CoaiinuDlea> 
tions ^mmiaaion, each 6 megacycle* (Me) tiride, 
cover frequencies a* follows: 54-72 Me (ehaands 
2 through 4), 76-88 Me (channels 5 and 6), 174- 
216 Me (channels 7 through 13), and 470-890 Me 
(channels 14 through 83) . Sec Television. 

Telegraphy 

A method of communication employing electrical 
signaling impulses produced and received manually 
or by machines. Telegraph signals are transmit- 
ted over open wire or cable land lines, subma- 
rine cables, or radio. Telegraphy as a communica- 
tion technique uses essentially a narrow frequency 
band and a transmission rate adapted to machine 
operations. See Communicatk^ns* electrical; 

Dai A TRANSMISSION. 

Earlv equipment devised by Samuel F. B. Morse 
consisted of a mechanical transmitter and receiver 
or register. Operators soon learned to handle mes- 
sages faster using simple manual keys and audible 
sounders. Subsequently, telegraph transmission and 
reception again became mechanized. See Tele- 
typewriter exchange (TWX) service; TELEX. 
Telegraphy mav also be used in other ways. See 
Facsimile; Telephotography; TELETYhESETTER. 

Telegraph facilities for use by the general public 
to transmit messages both domestically and inter- 
nationally are provided by communication compa- 
nies and government administrations. Special tele- 
graph facilities include those for news services, 
distribution of market prices of securities and com- 
modities, and private lines betweens such points as 
the factories and offices of a company for the ex- 
change of messages, orders, payroll data, and 
warehouse inventories. Municipal and private fire 
and police alarms are a special form of telegraphy. 
The armed forces have extensive fixed and mobile 
telegraph systems. 

Telegraph codes. For manual operation, the 
the code consists of short dot and long dash sig- 
nals (Fig. 1). The original Morse code also used 
various length spaces; the Continental code avoids 
them. On submarine cables, the dots aod dashes 
are of equal length for most efficient use of the 
transmission characteristics and are distinguished 
by being of opposite electrical polarity. 

Most automatic printing telegraph circuits, in- 
cluding American cable operation, use a code of 
five equally spaced signals or units pet letter or 
other symbol perforated into, a paper tape (Fig* 2). 
The presence or absence of current or current re* 
versals during these intervals constitutes the djls- 
tinguishing feature. When a perforated tape* is 
us^, it usually is driven by a sprocket running in 
holes between the second and third code unit. Ma- 
chines translate automatic teleprinter code te cHe 
ble code, cabl^ code to automatic code or, for spe- 
cial applications, make other tsnndlatioiis. For 
stock quotation ^sterns and teletypesetior opwo- 
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Fig. 1. Continental code is commonly used for tele- 
graph communication. Morse code continues in use 
on a few land lines in United States and Canada 


tion, a six-unit code is used to preside control of 
machine action. For data transmissipn or maohiii 
control a seven- or eight-unit code may ^ used ^ 
Telegraph circutte and equipment a 

circuit provides transmission in only one direction 
at a time. For transmission in both directions si- 
multaneously, a duplex circuit is used. Multiplex 
(time-division) apparatus provides two, three, or 
more channels operable in both directions simul 
taneously over a single circuit. Carrier-current 
techniques enable several circuits, each comprising 
one or more communication channels, to operate 
through the same wide-band wire, cable, or radio 
facility. See Transmission theory and methods 
In automatic transmission, an operator at a man- 
ual keyboard, operated like a typewriter, perfo- 
rates a tape. The tape is fed through an electro- 
mechanical or photocell tape reader that drives the 
tape at a rapid and uniform rate and transmits the 
electrical code. Interconnecting wire lines or other 
communication channels carry these code pulses to 
the receiver. The received impulses may automati 
rally actuate a reperforator to produce a duplicate 
punched tape for retransmission or later transcrip- 
tion; the impulses may actuate a teletypewriter 
(also called a teleprinter) to retype the original 
message; or they may actuate other terminal 
equipment, such as an accounting machine. 

Alternatively, the equipment at both terminals 
may be teletypewriters, in which keyboard and 
printing mechanisms are combined in one machine 
Such machines use a five-unit code but opeiate 
without perforated tape. Business firms that ongi 
nate and receive numerous messages^ have such 
equipment installed at their ofiices for direct serv 
ice. Also widely used are facsimile instruments that 
transmit or reproduce a typed or handwritten me*^ 
sage a^ a picture on electrosensitive paper, [g.h ] 
Message service. Individual circuits are estab 
lished as needed from a nation-wide network of 
central and branch telegraph ofiices and intercon- 
necting wires, coaxial cables, and radio relay sta 
lions. The total traffic capacity of each of these 
interconnecting facilities may be divided by fre- 
quency-division multiplex into individual telegraph 
channels. Such networks of national telegraph com- 
panies and government administrations are inter- 
connected for world-wide service. 

Tie lines fan out from each central telegraph of- 
fice to business, government, and other principal 
users of public telegraph services. Telephones of 
the general telephone system provide additional 
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Ig.^. Code for automatic telegraphy as It appears on a punched tape. (Western Union Tefegroph Co.) 




pick-up and delivery facilities for messages. 'Where 
density is high, as in office buildings, mes- 
..iiccr«t piclt nP “"d deliver telegrams. The trenil 
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leq« exarting requirements for manipulative skills*, 
^nd error-free reception. In Europe the trend is 
toward TELEX, an automatically switched system 
*ith manually operated teletypewriter exchanges. 

Automatic switching. To achieve speed and ac- 
curacy in handling messages en route, direct cir- 
I (Ills may be set up from the originating keyboard 


talmHwitoy 4»i 

ISr I A-*® teperforators with idle 

on . V" »**• message will be tranamltted 

on to Poi^and, where it will again be perforated 
ana Dunched on tape. The message will then ap- 

TO*ii **®^**“nd operator who, seeing the 

walla Walla address, will route it by puab button 
to us destination where it will be received on a 
tel^innter. 5^ cocceshul’) 

Overstas communication. In overseas commu- 
nication, telegraph messages usually are referred 
to ds cablegrams <»r radiograms, depending on the 




to the distant teleprintei This is done in TWX and 
I FI FX servK es Where direct channels aie not im- 
mediately available, or where the volume of traffic 
falls for a storage interval, the message is trans- 
ferred hv means of perforated tape at switching 
(enters This method has the advantage of using 
the fhannel capacities of trunk lines more fu11> 
than with direct connections It is used in the 
Ignited States for public telegram servii e and on 
leased wire switched networks. 

As an example, follow a telegram from Provi- 
dence, R I , to Walla Walla, Wash. In the Western 
Union telegraph system, the United States has 15 
area switching centers, all diiectly and continu- 
oubly interconnected. The message from Provi- 
dence goes to the area switching center at Boston 
pret eded by the director signal code PR perforated 
h> the Providence operator. An automatic sensor at 
Boston receives this code (meaning Portland, 
Ure ) , actuates equipment to find an idle reper- 
forator in the Portland trunk group, and releasfs 
the fully prepared telegram from Providence into 
*hc Boston storage for Portland. After the message 
completely stored in Boston, its reperforator will 


ovei-^eas trdnsmi'‘Sit)ii medium Private-line service 
1 refpircd to as leased ( hannel service; mstomer- 
lo customer tclehpewriler service, suh as TWX in 
the United States, is termed TEX or TELEX or 
IMCO (International Metered Communication) in 
international service The difficulty of providing 
frequent relays or repeaters in overseas services 
leads to ext(*n<<ivr use of radio (iniiits operating at 
1-30 Mt and of submarine cables 

Radio circuits. Most radio rirnuts operate di- 
redly between countries (Fig. 3); only rarely is 
an intermediate relay used. Radio-telegraph trans- 
mitters are usually either of the frequency shift 
keying type, termed FSK, or of the single sideband 
type, termed SSB In FSK transmission the radio 
tamer is shifted about 400 cycles in frequency in 
accordance with the telegraph keying. In SSB 
transmission, the carrier is amplitude modulated 
bv several subrarriers separated for frequency 
multiplexing, with one or two independent side- 
bands being transmitted with a reduced (sup- 
pressed) carrier; power is usually 1-40 kw. 

Radio receivers use either frequency- or space- 
diversity reception. For frequency diversity, the 
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mnxe ulAgraph keying is transmitted simuhane- 
'^enily on two different frequencies. For space di- 
'<¥endty^ two receiver antennas are spaced about 
1000 ft apart. In either form of diversity recep- 
tion^ an automatic gate in the dual receiver selects 
the stronger signal. Various types of highly direc- 
tive antennas are used, the rhombic type of antenna 
being the most popular for both transmission and 
reception. 

Radio waves at these frequencies are reflected 
between the ionosphere and the surface of the 
earth. Ionospheric characteristics vary from day 
to night, from season to season, by position on the 
earth’s surface, and during the 11-year sunspot cy- 
cle {see Ionosphere). The transmission frequency 
is chosen in accordance with prevailing ionosphere 
conditions. 

Most radio circuits operate with 66-word-per- 
minute (wpm) teletypewriters using the five-unit 
start-stop code; a few operate with terminal equip- 
ment using the Continental code. Multiple chan- 
nels are obtained by using either time division or 
frequency division. Automatic error correcting 
equipment, called ARQ, is used with two- or four- 
channel time-division multiplex to achieve high re- 
liability. These radio circuits operate between all 
types of terminal equipment. 

Cable circuit. The first cable between Europe 
and North America was used in 1858. Early sub- 
marine cables consisted of a center copper conduc- 
tor, usually comprising 7 strands of No. 18 BWG 
wire, wrapped with copper tape for continiiitv if 
the center strands failed. Gutta-percha insulation, 
jute, armor wires, and an outside jute or braid cov- 
ering completed the cable. Speeds up to 17 wpm 
were achieved. 

The development of vacuum tubes wilh lives of 
20 years or more and improved insulation has made 
it possible to construct telephone cables for use 
across the Atlantic and Pacific oceans. These new- 
type cables vary in capacity fiom 48 telephone 
channels in twin cables with submerged repeaters 
spared 37 nautical miles, to the current design with 
a capacity of 128 telephone channels in a single 
bidirectional cable with submerged repeaters 
spaced 20 nautical miles. Each of these voice 
channels normally carries twenty-two 66-wpm 
telegraph channels with frequency division (Fig. 
4). The additional use of time-division multiplex 
can increase the cariying capacity to forty-four 
66-wpm telegraph channels. 


Each of the latest deep-water cablea cotiriau 
an inner steel strand surrounded by a copper 
conductor with a diameter of 0.33 in., a laycr*^ 
natural polyethylene insulation^ an outer codd^* 
conductor, and a black polyethylene jacket for 
over-all diameter of 1J25 in. The inner copper co*** 
ductor is 0.023 in. diick, and the outer copper con* 
ductor is 0.010 in. thick. {z. d. beckenI 

Private-line telegraphy. Organizations with sev- 
eral widely separated offices can communicate res 
ularly over lines leased from a common carrier 
Various bandwidths for use with telegraph instru. 
ments, teletypewriters, and various data-handlinff 
terminal equipment are available. Companies that 
maintain their own rights of way, such as railroads 
and pipelines, may own their intercity wire lines. 

The larger private-line systems consist of one or 
more relay centers, each serving several tributary 
stations. This layout reduces the line mileage re- 
quired to interconnect many tributary stations hav- 
ing a known traffic volume. At a relay center mes- 
sages are received by^^a printer reperforator, which 
prints the message and also perforates it in a tape 
At a small relay center an operator carries the tape 
to the proper outgoing transmitter for onward han- 
dling; at a large relay center the reperforated tape 
is automatically routed to the appropriate outgoing 
line in accordance with a 3-7 letter code address at 
the beginning of each message. 

A new application of private-line telegraphy il 
lustrates the sort of communication that it pro 
vides. Hotel chains, and airline or railroad ticket 
offices are interconnected by private telegraph lines 
that tie into a central file computer. The computer 
can he queried by local subsets about Ae size of a 
desk adding machine. The computer contains post 
ings of all available accommodations. If the com 
puter indicates that the desired accommodation is 
available, operation of a key at the subset records 
it as sold, the computer reduces its posting by one, 
and the ticket agent completes the sale. 

Accuracy of transmission is maintained by sev- 
eral methods. In a parity check for errors, a re- 
dundant check pulse is sent with each character as 
required to produce an odd number of mark pulses 
Failure to receive an odd number of marks actu- 
ates an alarm signal. Another technique is to as 
sign each of the pulses in a five-unit Teleprinter 
rode a binary value: 1, 2, 4, 8, and 16 respectively 
The sum of all binary values in an arbitrary block, 
such as every 50 characters, is transmitted at the 
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Fiq. 4. Simpliflad transoceanic telegraph cable circuit. 
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use of eleotrical telemetry is in elec- 
llte fMirlBr distribution eyetems to collect, at one 
toiltiral location, data indicating the distribution of 
Imuls about the system so that the various genera- 
tors (at different locations) may share the load in 
the most economical fashion. In the modern dis- 
tribution system, data on loading is converted to 
suitable form, transmitted to a central location, 
and converted into a form suitable for processing 
by the digital computer which has primary control 
over the system. 

Radio telemetry, originally used to telemeter in- 
formation from weather balloons to ground ob- 
servers, employs electromagnetic radiation as the 
transmission means. During the 1930s it was used 
in the testing of manned aircraft and drones. As a 
basic element of missile and space technology, 
radio telemetry is used to obtain, from unmanned 
space vehicles, data on environmental conditions 
(temperature, air density, radiation density, bom 
bardment by micrometeorites) as well as on per- 
formance of the vehicle itself (strain, temperalure, 
vibration). 

Electrical telemetry. Electrical telemetry, first 
widely used at the end of the last century with the 
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Fig. 1. Electrical telemetry techniques, (a) Voltage- 
balance method; adjusted to equal e,„ (b) Current 
or force balance; i, adjusted to yield force that 
balonces transducer force, (c) Pulse telemetry; varl- 
oblet availoble for conveying information. 


expansion of electric power sytftenis^and the rail- 
roads, today is also employed extensively hi 
supervision of such diverse systems as oil pj ^ 
lines and chemical process plants. AMhough a wid^ 
variety of types of systems are operative, the ma^ 
jority of systems fall into the following four cate- 
gories. 

Voltage-balance systems. At the measurement 
end of this type of system, a voltage is generated 
proportional to the variable to be telemetered. The 
receiving equipment automatically generates a 
voltage to reduce the line current to zero (Fig. la) 

Current-balance systems. The receiving equip 
ment in these systems drives through the line a cur 
rent just sufficient to yield an armature force 
counteracting the force corresponding to the van 
able to be telemetered (Fig. 16). Both this type of 
system and the voltage-balance type are marked bv 
their simplicity, but maximum distance is severely 
limited by loss, the presence of noise, and the slow 
response time of a long cable, and accuracy de 
pends on these factor!^ as well as the accuracy of 
balance. 

Pulse systems Pulse systems are used to mini 
mizc the effects of circuit parameters on acdiracA 
Information is transmitted by varying the number 
amplitude, width, or spacing of a train of electrical 
pulses (Fig k). In the simplest receiver, each 
pulse actuates a solenoid or motor, which move^ 
the output one mechanical division 

Frequent r systems In thc**^e systems the infornia 
turn is transmitted by modulating (varying accoid 
ing to the signal) the frequency or amplitude of the 
output of an electronic oscillator In both these sys 
terns and the pulse systems, the a< c urac*y of Irans 
mission IS vastly better than in the balance system*^ 
Both systc*ms can be used with multiplexing (send 
ing several signals simultaneously over a single 
pair of wires), and the rate of resfionse can be 
much greater The recent elaboration of the pulse 
and frecjuency systems is found in television telenie 
trv in whic h the picture is transmitted bv a se 
quence of pulses of varying amplitude and the 
sound by a frequency system. For a discussion of 
electrical telemetry methods, particularly for con 
sideration of the techniques of information trans 
mission with multiplexing, see Transmission tiu 

ORY AND MFTHODS 

Radio telemetry systems. Radio telemetry, ong 
mated in Germany about 19,30 for obtaining data 
from weather balloons, is of primary interest today 
in missile engineering In this application, the type 
cal lelemeteiing svslem must transmit information 
on 30 or more variables simultaneouslv and with a 
low probability of error, a high equipment reliabil 
ity, and with transmitter equipment as simple, com 
pact, light, and inexpensive as possible 

The primary basis for classifying telemetry sys- 
tems is the method employed to achieve the flimuh 
taneous transmission of the varioiie signals, that 
the multiplexing The primary radio signal is or- 
dinarily a sinusoidal variation at a high frequenev 
(for example, in the band from 216--220 or 2200- 



MO Me). T** cwvewion of infonnation frcmi ae 
^ a* W different channels to this frequency 
S is commonly accomplished as indicated in sim- 
led form in Fig. 2o 

The signals on channels 1-5 inclusive are as- 
sumed to be relatively slowly varying so that each 
tan be adequately represented by periodic samples 
^Plecied by a rotary, mechanical commutator. The 
^lgn&l on line A then consists of a sequence of 
pulses as shown in Fig, 26, with the first pulse rep- 
resenting the amplitude of ci at time tu the second 
pulse the amplitude of €2 at time h + ft, etc. Thus, 
signal Cl is replaced by a sequence of pulses, sepa- 
lated by time intervals of 5ft seconds in this 5-chan- 
nel example; ca is likewise represented by a train 
of pulses, each occurring A seconds after the cor- 
responding Pi pulse. The combination of a number 
of Signals in this fashion on a time-sharing basis is 
termed time multiplexing. The lepresentation of 
aii\ one signal by a train of pulses, with each pulse 
amplitude proportional to the original signal am- 
plitude at the time of sampling, is termed PAM- 
piibe amplitude modulation (in automatic control, 
the same signal is described as a sampled data sig- 
nal and the commutation is termed sampling). See 

s\MI»l LD-DAIA CONTROL SYSTEM. 

Thus, line A carrie«» the 5 channels «)f informa- 
non. If the samples are to represent each signal 
adequately, the sampling fiequcncy, l/(l^)ft) < ps in 
hg 26, must be at least three times (and prefer 
dl»l\ S times) the highest significant frequeiu > 
lomponent of the original signal. Since mechanical 
<ummiitators are limited in speed ot making and 
hieaking contacts by practical considerations (arc- 
ing. contact wear) to about 1000 pulses /se«, time 
multiplexing of /V channels (with 1000 pulses 
per second available for each channel) require*- 
thdt each signal possess no significant frequency 
(omponents above about .‘100/A cps. Consequently, 
PAM time-multiplexing is useful when the signals 
to be telemetered are primarily slow, low-frecpiencv 
laiidtions (such as temperature in aircrait flight 
testing). Commutation can also be ai coniplished 
electronically with diode matrices, but the mechan- 
ual commutator is vastly simpler, even though fre- 
quent cleaning of the contactor points is necessar>. 

The signal ei in Fig. 2 then contains relatively 
lugh-frequency components (typically several hun- 
died cycies/sec) ; in addition, certain of the signals 
to be telemetered (as in Fig, 2a) may contain 
Ingh-frequency components. In both cases, it is 
f'ommon practice to utilize these signals to fre- 
quency-modiilale the sinusoidal, fixed-frequency 
output of subcarrier oscillators (A and B.irt Fig. 
2). For example, if oscillator A in Fig. 2 is sta- 
bilized at 10 kc, the output of modulator A is an 
FM (frequency modulation) signal, with instanta- 
neous, transmitted frequency varying about 10 kc, 
according to the infonnation signal. Oscillators A 
and B are operated at different frequencies, so thaf^ 
output of the adder contains one frequency 
band carrying the information in channels 1-5, an- 
other band carrying the information of channel 6. 


T^iMKMrtng 4if 




Fig. 2 Typical transmitter modulation-multiplexing 
system, (a) Simplified system block diagram, (b) Form 
of the PAM, time-multiplexed signal e^. 


The total signal from the adder is used to modu 
late the primary transmitter. If frequency mr>dula- 
tion IS again u<*ed in this final modulator, the ra- 
diated output is an FM signal, centered about the 
airier frequency. The instantaneous transmitted 
frequency carries the information of all input chan- 
nels, 1-5 simultaneously with 6.. 

The system shown in Fig. 2 involves two distinct 
multiplexing operations: the time multiplexing gen-^ 
erated with the commutator, and the frequency mol-* 
tiplexing effected by the adder and modulator and 
accomplished as a consequence of the different sub- 
carrier-oscillalor frequencies. As a consequence of 
the double-multiplexing system, three distinct mod- 
ulations are required, and the system is described 
as PAM-FM-FM. 
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The PAM-FM-FM system, although the common- 
est, is only one of a wide variety of possible 
schemes. Only two modulation stages may be re- 
quired, particularly if all information channels are 
wide-band (FM-FM system used) or if all are nar- 
row-band (PAM-FM employed). In addition, rather 
than FM in either of the last two stages, it is pos- 
sible to employ AM (amplitude modulation) or PM 
(phase modulation). Similarly, the PAM stage 
might be replaced by PDM (pulse duration modu- 
lation), PPM (pulse position modulation ), or PCM 
(pulse code modulation, in which the sample am- 
plitude is converted to a binary number and trans- 
mitted as a train of on-or-oil pulses), but usually 
the PAM system results in the cheapest, simplest, 
and most reliable modulation equipment (see 
Pulse modulation). In general, the multiplexing 
(in frequency, time, or both) of the information 
signals and the conversion to the frequency band 
available for radio transmission permits wide flexi- 
bility in the choice of the modulation scheme. For 
a discussion of the characteristics of different types 
of modulation, see Modulation. 

The choice of multiplexing and modulation 
schemes is a critical factor in the determination of 
the performance characteristics and accuracy of the 
telemetry system. Factors affecting the selection in- 
clude the following: 

1. The bandwidth required. For the radio signal, 
the wider bandwidth of FM is utilized to reduce 
the effects of noise arising in the transmission and 
reception. Therefore lower transmitted power is 
required for signal detectability, and smaller, 
lighter, more economical transmitters are possible. 
For the first stage, PAM (rather than PDM, PPM, 
or PCM) is almost always used because of the 
smaller bandwidth. 

2. The threshold, or the minimum required re- 
ceived-signal strength. This factor is influenced by 
the noise in the commiini<*ation system, by the dif- 
ficulties of maintaining proper transmitter orienta- 
tion (for example, satellite attitude) for maximum 
strength of the received signal, and by the varia- 
bility of electromagnetic propagation conditions as 
the transmitter changes location. This factor is 
particularly important when the radio transmitter 
is to be designed for minimum weight, .space, power, 
and cost. 

3. The information efficiency, or the effectiveness 
with which the bandwidth is utilized to decrease 
the effects of the noise introduced in transmission 
and reception. See Information thfory. 

4. Crosstalk, or interaction among the various in- 
formation channels. The modulator of Fig. 2, for 
example, is a nonlinear device, yielding an output 
with components at the various sum and difference 
frequencies of the input. When many channels are 
being telemetered simultaneously, the many sum 
and difference frequencies of the various input 
components lie within other channels. Thus, cross- 
talk limits the number of channels utilized in fre- 
quency multiplexing (with 24 a typical maximum 
numbisr). 


5. Practical difficulties aseociat^ with the con- 
struction of transmitters exhibiting linearity (to 
minimize not only crosstalk, but also nonlinear dis- 
tortion). The simplicity of FM transmitters in this 
regard is a primary factor in the frequent selection 
of frequency modulation (or phase modulation) for 
the final stage. 

6. The effects of shocks or vibrations on the per- 
formance of the transmitter (particularly trouble- 
some in FM transmitters, where the microphonics 
result directly in variation of the transmitted fre. 
quency). 

7. The complexity of the required equipment, 
particularly as it affects cost, weight, size, reliabil. 
ity, and ease of maintenance. 

8. The flexibility of the system, especially as it 
influences design of the receiving equipment and 
preparation of the received data for further proc- 
essing (as in a digital computer) or for recording 
(as on a magnetic tape) for later processing. 

Telemetry equipment. Equipment used in telem- 
etry is similar in mos4 respects to electronic com- 
munication equipment. Certain features, however, 
are characteristic of telemetry applications. 

Commutator, The receiver also must include a 
commutator (or time filter) to separate the time- 
multiplexed channels. Synchronization of the re- 
ceiver commutator with that in the transmitter ran 
be accomplished on the basis of pulse freqiiencv or. 
more conveniently, by utilization of one channel for 
transmission of a synchronizing signal. 

Suhearrier oscillators and modulators. In Fig. 2. 
subcarrier oscillator A is frequency modulated bv 
the electrical signal e\; oscillator B, b^^the inf or 
mation signal cu. The latter modulation can often 
be accomplished directly by the inclusion, in the 
oscillator or multivibrator, of a variable element 
or trans^cer responding to the variable to be te- 
lemetered. For example, thermistor (or other tem- 
perature-sensitive) elements in RC oscillator*' per- 
mit variation of oscillator frequency directly with 
temperature; the use of variable inductances or 
saturable reactors in LC oscillators permits direct 
variation of frequency with mechanical position; 
strain-gage bridges can be used to adjust the feed- 
back in RC oscillators to yield a frequency that di- 
rectly measures strain (and hence force, stress, or 
torque). Regardless of the modulation method, 9 
primary limitation on the FM-FM telemetry system 
is the requirement that the subcarrier frequencies 
be accurately stabilized -- not only to avoid cross 
talk, but more importantly to realize a high accu- 
racy in the telemetering operation, since random 
frequency variations are added directly to the in- 
formation frequency modulation. 

Transmitter and receiver. Conventional commu- 
nication equipment is utilized (such as Armstrong 
or reactance-tube FM modulators). However, in air- 
to-ground telemetering, strong emphasis is placed 
on minimizing weight, size, cost, and power require* 
ments. 

Demodulators. The accuracy with which demod* 
ulators can be constructed is an important factor 



io the selection of modulation and multiplexing 
themes. The receiver corresponding to the typical 
system of Fig. 2 includes filters to separate the in- 
formation in channel 6 from that in 1-5. Such fil- 
ters arc widely used in communication systems (see 
FiLTfcR* electric) and yield faithful reproductions 
of the original signals except for the following con- 
ditions: 

1 . Noise introduced in instrumentation, in com- 
munication, and in the low-signaMevel stages of the 
receiver. Noise is minimized by proper design, se- 
lection of bandwidth, and choice of modulation 
iharacteristics. 

2 Nonlinear distortion in the modulators and de 
modulators (particularly the final transmitter mod- 
ulator). Nonlinear distortion frequently can be at 



Fig. 3. Methods of PAM demodolotion. (a) PAM sig- 
nal for one channel, (b) Hold circuit: volue held until 
arrival of next pulse, (c) Linear vorlotlon between 
samples (In octuol system, output delayed by fixed 
amount 5h since linear curve cannot be generate^ 
until both end points ore known), (d) Output when 
electrical network filter used to pass only low-fre- 
quency components of PAM slgnol. 


least partially compensated by ncmlitiear drcuHs 
operating on the demodulated signal. 

, 3. Amplitude and phase distortion introdficed in 
transmission and amplification or in the filters* Suidi 
distortion can be removed (with a constant time do* 
lay resulting) by appropriate compensation net- 
works. 

Demodulation of the PAM signal (after the re- 
ceiver commutator separates channels 1-5) is ac- 
complished with interpolation or holding oirctiits 
or with low-pass filters. Figure 3 illustrates the 
common schemes for recoveiy of a smooth signal 
from a sequence of samples. In the hold circuit, the 
value of one pulse is held until the arrival of the 
next pulse. To obtain linear variation between sam- 
ples as shown by Fig. 3c, the output must be de- 
layed by a fixed amount equal to the time between 
pulses, since a linear curve cannot be generated 
until both end points are known. 

Thus, the b(ien<’e of ladio telemetry, of funda- 
mental importance in both industrial control and 
astronautics, involves electronic and electromag- 
netic communication systems im orporating com- 
plex modulation and multiplexing as well as the in- 
sti umentation associated with both the measure- 
ment of physical quantities in electrical terms and 
the processing and storing of the data received. 

f J.G.TR.] 
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Telephone 

The term telephone was formerly applied to the 
telephone receiver, the instrument originally in- 
vented by Alexander (^raham Bell. The term i** now 
commonly applied to the telephone set, which in- 
cludes a transmitter and an electric network in 
addition to the receiver. 

The transmitter and leceivei aie housed together 
in a handset. A cord connects the electrical com- 
ponents of the handset to the network in the tele- 
phone set. 

Transmitter. The transmitter is a transducer 
which converts acoustical energy into electric en- 
ergy. In most transmitters an electric current is 
modulated by the variations in contact resistances 
of carbon granules. Sound waves impinge on the 
diaphiagni of the transmitter, causing the carbon 
granules to move closer together, making more 
contacts and decreasing resistance, or to move 
further apart, making fewer contacts and higher 
resistance. 

The transmitter has a frequency response range 
from 250 to 5000 cycles per second (cps). The 
frequency response risses uniformly to a broad 
maximum in the region of 2500 cps. Because 6i 
these characteristics and those of the telephone 
receiver, the speech heard by the listener resembles 
closely ^at of direct moulh-to-ear speech as heard 
by a listener a few feet from the person speakings 

The transmitter is of the direct-action grammar- 
carbon type shown in Fig. 1. It consists essentially 




Ffg. 1. Direct action granular carbon telephone trans- 
mitter. 


of a diaphragm, back cavity, and carbon chamber 
The diaphragm is rigidly clamped at its periphery 
to obtain a high output in the upper frequent y 
range. This achieves a quality of transmission that 
approximates the orthotelephonic, mouth-to-ear 
transmission through the air objective. The sound 
pressure on the diaphragm varies the pressure of 
the dome-shaped electrode on the carbon. Changes 
in pressure on the carbon granules vary the resist- 
ance of the granules, causing the current to change 
in magnitude in proportion to the sound. The car- 
bon granules are specially treated to reduce the 
effect of aging on their resistanc e. The carbon cham- 
ber is designed to keep the mechanical impedance 
of the carbon to a minimum, regardless of the posi- 
tion of the transmitter unit, to gain a high modu- 
lating efficiency. 

The desired frequency response is obtained bv 
coupling the diaphragm to a doubly resonant sys- 
tem, composed of a cavity within the unit behind 
the diaphragm and a chamber between the unit and 
a plastic cup. The two cavities are connected by 
holes covered with a woven fabric. The size of the 
hole and resistance of the material to the flow of air 
is carefully controlled to balance the acoustical 
impedance and therefore prevent large irregulari- 
ties in the transmitter response. 

The transmitter assembly is lot ated in a specially 
designed handset also housing the receiver. 

Receiver. The receiver transducer operates on 
the relatively low power, used in the telephone cir- 
cuit, to convert electrh* energy into acoustical en- 
ergy. Unlike a loudspeaker, the telephone receiver 
is designed for close coupling to the ear. The tele- 
phone receiver has an approximate impedance of 
150 ohms at a frequency of 1000 cps. The relation- 
ship of the acoustic and electrical elements pro- 
duces a desired response-frequency characteristic. 

There are two types of receiver units, the bipolar 
receiver and the ring armature receiver shown in 




hflcii ^ 

used wnh tbe tdcgihoae 
te particularly imporumt. 

The advantai^ ^ die ring aimatdre reedver 
its low acoustic impedance and hi^ availabU 
power response over a wide frequeney range ( 350 . 
3.500 cps). These advantages are aehicved by thp 
piston action of a thin, nonmagnetic, lightweight 
dome-shaped diaphragm, which is attached to , 
ring-shaped armature of magnetic material driven 
at its periphery by a ring-shaped magnetic coil as 
sociated with a ring-shaped permanent magnet The 
diaphragm contains a small hole that introduces a 
low-frequency cut-off. This is desirable to reduce 
interference picked up from electric power circuits 

The diaphragm, magnets and coil are encased in 
a ferrule grid attaehed to a molded terminal plate 
A membrane between the ferrule grid and dia- 
phragm protects the diaphragm from dirt and 
mechanical damage, ^ecaiise of its mechanical im 
pedance, the mcmbrarte acts as one of the controls 
over the diaphragm to help achieve the desired fre 


quen <7 response. 

The acoustic chamber between the membrane 
and diaphragm is connected to a chamber molded 
in the terminal plate behind the diaphragm, called 
the back chamber. These chambers are connected 
by passageways having acoustic mass and resist 
ance. The back chamber exhausts into the handset 
through acoustic fabric. All these controls are de 
signed to extend the frequency range of the re 
ceiver and reduce undesirable diaphragm reso 
nance. A click-reducing varistor is mounted on tin 
bat k of the receiver. 



acoustic resistance 


Fig. 2. Ring armature telephone receiver. 


Electric network. The electric network server 
three basic functions: (1) to couple the receiver to 
the transmitter circuit, (2) to balance the imped 
ances within the telephone set to those of the cir- 
cuit and reduce sidetone, and (3) to provide for 
transmishion equalization, that is>, the same genera 
loudness and quality of speech over any circuit be 
tween the telephone set and the central office. 
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***v^*e tBlkflr ttucensckMialy r«4nee the level 
^ ^ toice and ia therefore objectionable, to 
ien sidetone at a minimuBH, any voluge developed 
the local transmitter is divided in the windings 
A and B (sec Fig. 3) so that the voltages induced 
" binding C are opposing. Also, the voltage across 
he network resistance arising from the current 
So'vfmg in winding B opposes the resultant voltages 
induced in C The over-all effect is that the current 
in the receiver, as a result of voltages developed in 
the transmitter, is small. However, the key to good 
.idetone balance is to balance effectively the im- 
pedances Zi and Z 2 both in magnitude and phase. 

will vary because it is influenced by the tele- 
phone circuit to the central office. The essential 
elements in the impedance matching are the two 
siluon carbide varistors V\ and F 2 . The dc and ac 
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Telephone civil defense system 

A telephone system sperially arranged and designed 
to assist in protection ot civil population, limila- 
tnm of casualties and property dautage, and pre^ 
ervation of maximum civilian support of military 
effort. 


re«iibtances of these varistors vary with the voltages 
applied to them, which are in turn dependent on the 
direct current in the loop and in the telephone set. 
This current is a function of the length and im- 
pedance of the circuit. 



Civil defense requirements for communication 
fall into two broad categories, attack-warning 
communication, and administrative and control 
communications to alleviate disasler after an at- 
tack. Both of these requirements are usually best 
met by private-line telephone systems furnished by 
the telephone companies, supplemented by local 
and interurbun telephone seivice arrangedMo as- 
sure continuity of service. See Tlllphonk &lrvic.r. 

Attack warning. In the United States the basic 
facility for attack waining is a private-line tele- 
phone system known as the National Warning Sys- 
tem (NAWAS). This system connects over 400 
warning points in the United States with six Office 
of Civil and Defense Mobilization (OCDM) warn- 
ing tenters located at major North American Air 
Defense (NORAD) installations. Warning centers 


are located at important air defense installations 
Fig 3 Transmission circuit of o telephone set illus- that fu|j advantage can be taken of the intel- 


fratmg sidetone balance. 

Transmission equalization. The transmission 
equalization provided by the circuit assures that 
ihe over-all transmission performance of the set is 
kepi within reasonable limits as the loop length 
varies. Equalization is provided by 1 educing the 
transmitting and receiving gain on short loops. 
This is accomplished by a varistor Fi across the 
line, which limits the current in the transmitter on 
‘^hori loops, and by a varistor F 2 , which shunts the 
receiver on short loops. As the loop resistance in- 
creases and the voltages across V i and V 2 decrease, 
the shunting effect of the varistor decreases. ^Thus 
the transmitting and receiving levels are reasonably 
constant for all length loops. 

Accessory devices. In addition to the basic com- 
ponents, the telephone set has a switchhook to con- 
iiwt it to the line and operate other associated 
features, a dial which produces dc pulses to actuate 
the switching gear in the central office, and a- 
ringer with an adjustable volume control, used to 
^ignal that a call is incoming. These arc all enclosed 
in a common housing. 


ligencc information there. At each of these six 
centers a representative of OCDM ran disseminate 
information to all warning points tn the center’s 
normal area, advising that attack is on the way and 
when it can be expected. Should any warning cen- 
ter be rendered inoperative, adjacent centers can 
cover warning points that depend on the inopera- 
tive center. 

The NAWAS network of over 36,000 miles is 
operated 24 hours a day and is designed to hy-pass, 
insofar as is practicable, major cities that are 
likely enemy targets. Wire and microwave radio 
facilities are utilized to accomplish this objective. 
Warning information can be .sent to all points on 
the network in about 15 seconds. 

From the 400 warning points on the NAWAS 
network, warning information is relayed through, 
state and local systems to more than 5000 local 
points in an average time of 7 minutes. In many 
states private-line systems, both telephone and 
telegraph, extend from the warning points to the 
local communities. The telephone compahies offer a 
simple, reliable signaling system called belband 
lights to transmit thi? local warning. ^ 



die bell-ftBd[«ligfau system^ a master primary 
ildjiDm c«a rignal aey one of four alert situations 
10 • large number of bell-and*lights secondary 
Moehring statums simultaneously by dialing over 
a piivate>line network. This system can likewise 
be used to alert the general population by acti- 
vating sirens, horns, and similar devices. 

AdaiMatrativt and control communications. 

OCDM’s primary system of operational communi- 
cations is the National Communications System 
(NACOM I). This is a network of approximately 
20,000 miles of wire and radio facilities arranged 
for optional use for either telephone or teletype- 
writer communications. Terminal equipment for 
this network is in place and ready to operate. The 
network itself is provided by the telephone com- 
panies on a full-period private-line basis between 
the regional and national headquarters. The net- 
work between the regions and the states is set up as 
the occasion arises on call of OCDM. 

The NACOM I network radiates from OCDM 
headquarters at Battle Creek, Mich., and from an 
alternate headquarters, to each of OCDM’s eight 
regional offices. From these regional offices the 
system extends to the state headquarters of civil 
defense in each state of the region. In an attack 
situation, the NACOM I network will be urgently 
needed for collection of damage and radiation-fall- 


out informadon, and for direoting HA flow of 
power and material to effect conservaiion and rapy 
restoration of the nation’s reaouneea, 

The telephone industry attempts to provide the 
utmost in service reliability for OCDM. Probable 
target areas are by-passed, where possible, and two 
or more access routes to the nationwide telephone 
network are often provided. Because of its inter- 
laced pattern, the network permits a great variety 
of patching arrangements to by-pass damaged por- 
tions of the system. 

Since most telephone cables are underground 
and radio relay systems are subject to damage 
only at terminal and relay stations, some resistance 
to attack is inherent. [j*a.o.] 

Telephone private branch exchange 
(PBX) 

A switchboard and associated equipment, usually 
located on customers’ premises, to provide for 
switching calls betwei^n any two extensions served 
by the PBX or betwee'U any extension and the na- 
tionwide telephone system via a trunk to a central 
office. A PBX also frequently includes tie trunks 
for direct communication with another PBX serving 
the same customer at a distant location. 

Manual PBX. All switching functions in a manual 
PBX are performed by an attendant. 



Dtogrom of step-by-step PBX. 





« cofdlwB i P OT wil PBX operator ubw 
to operate relays, isliicli perform the actusl 
witching functions. The attendant may uae either 
* ordinary telephone or an operator-type headset. 

The cord-type manual PBX has jacks, each with 
iB associated lamp and designation, for each ex- 
central office trunk and tie trunk. G>rd cir- 
cuits terminated in pairs of flexible cords tipped 
with plugs, are used to connect to the jacks to es- 
tablish the desired connections. The attendant has 
a telephone and dial circuit, which can be con- 
gccted to any cord circuit by operation of appro- 
priate keys. 

The multiple manual PBX differs from the non- 
multiple in that each extension or trunk is con- 
nected to more than one jack, so that it can be 
reached by any one of several attendants. This 
laciliutes prompt answers, particularly during pe- 
riods of heavy traffic. The larger PBXs are gen- 
erally of the multiple type. 

Dial PBX. All extensions of a dial PBX are 
equipped with dials. Electromechanical or other 
remote switching equipment is provided to make 
the desired connections. Most dial PBXs also in- 
clude an attendant’s switchboard. 

The switching equipment may be of any suitable 
type. The illustration shows a schematic diagram 
of a typical dial PBX using step-by-step equipment. 

Extensions, central office trunks, and tie trunks 
are connected to the PBX equipment via a dis- 
tributing frame, for flexibility of assignment Ex- 
tensions are each cross-connected to a line circuit, 
usually containing a line relav and a cut-off relay, 
and thence to the banks of a group of line finders 
Each line finder is permanently connected to a par- 
ticular first selector. When a call is originated at an 
extension by lifting the handset, the line circuit 
calls for an idle line finder, which hunts over its 
associated bank until it finds the calling line '^e 
corresponding first selector then returns a dial 
tone, to indicate that it is ready to accept dial 
pulses. When the extension user dials the ii st digit, 
the wipers of the first selector step upward to the 
level corresponding to the digit dialed, and auto- 
matically step around in a horizontal arc on that 
level until they find an idle trunk. U ‘dually t zero 
(tenth) level is used to connect to the switchboard. 
Ninth-level trunks usually provide access to the 
nearest central office. The eighth level is usua y 
assigned to tie trunks. Levels two to seven, inc u 
sive, generally provide access to other extensions, 
via additional stages of selectors and, fina y, con 
nectors. See Switching circuit; Switching sys- 
tems (communications) ; Telephone servige. 

Power plants are usually instalW on the cu^ 
tomer’s premises to provide the PBX * 
needed types of current. These usually include a 
storage battery, with a rectifier or motot 
to charge it, for supplying dir^ I.„ns 

dial switching equipment, and switchbo 

Small PBXs may obtain their 
from the central office batte^ via e ^ * 

Also, many smaM PBXs use batteryless 
except those serving such pustomers as h p 


and fire and police departmetiU vdiere a bi|hl«ry is 
usually provided to ensure continuity of sttrvloe in 
pase of power failure. Ringing current (generally 
2(Kcycle ac) is also Teq[aired. This is obtafi^ from 
a motor-generator set in larger installations and 
from a central-office ringing generator over feeder 
wires, in smaller installations. ra.FoD.] 

Telephone service 

The technology of supplying the many types of 
services offered to the telephone subscriber. ThesO 
services include local, long-distance, and overseas 
connections, information services, answering serv- 
ices and the leasing of private lines. For other dis- 
cussion of the equipment and means of providing 
these services, see Switching systems (communi- 
cations) ; Telephone; Telephony. 

LOCAL TELEPHONE SERVICE 

A local telephone service operates within an ex- 
change, or within a connected system of exchanges 
in the same exchange area, and furnishes to sub- 
scribers an intercommunicating service. An ex- 
change is a unit established by a telephone com- 
pany for the administration of telephone service in 
a specified area, usually a town, a city, or a village 
and its environs. The exchange consists of one or 
more central offices together with the associated 
plant used in furnishing telephone servit if in that 
area An exchange aiea is the territory served by 
an exchange. 

To provide this intercommunicating service, cen- 
trally located switching equipment is used to estab- 
lish a communication connection between any two 
telephones. This equipment also provides for con- 
nections to distant exchanges 

Local exchange transmission circuits are usuaUy 
two-wire cable pairs operated at voice frequency. 
Trunk cable pairs between exchanges may employ 
repealers or amplifiers. In the longer transmission 
circuits, carrier systems are employed. Set Trans- 
mission THFORY AND METHODS 

Registration of messagos. The great majority 
of local calls, except in a few of the largest ciries, 
are billed on a flat rate monthly charge. These 
calls generally do not require any additional 
charging equipment. For other local calls and for 
long-distance messages, the proper chugwg of 
telephone calls to the customer requires the record- 
ing of data on each call. Message registera and 
automatic message accounting are systems for r^ 
.ffding these data. A message register is a count- 
ing device located in the f«"*'** 
sociated with each customer s telephone. The 
sage units totaled on the message register are used 
as a basis for bulk-billing the customer for loc«l 
telephone service. Automatic mewRge accountfn* 
uses a punched-tape or msgneuc-lape 
of the billing informarion pertaim^ 
phone message. The recording «I®*^*"* JJJl « 
located in a local centtal office or at g tandem or 

Tta 4e.lP of • 

tyrtemlnYolves a conaideratien of idepliopie aeH 



hifti^kk leteplmk mtitrol offices^ inter- 


nffioe IISBillte, imd numbering plans. 

TWcfi&efie set. Telephone sets may be of the 
noneoln- or coin-operated types. They may be 
manitally or dial operated. A main telephone set, 
together with extension telephones, may have ex- 
clusive use of a telephone line. This is individual- 
line service. Sometimes the use of a single 
telephone line is shared by two, four, or more 
customers. This is party-line service. Many tele- 
phone lines terminate on private branch exchanges 
to service a number of extension telephones. See 
Telephone private branch exchange (PBX). 

Subscriber loops. These are the relatively short 
circuits, or lines, connecting the customers* tele- 
phone sets to a central office. These lines usually 
employ 26-, 24-, and 22-gage copper wire. The efiR- 
cient modern telephone set and central-office equip- 
ment permit the use of a high proportion of fine- 
gage wire. Resistance is usually the limiting factor 
in the selection of wire gage for subscriber loops 

Telephone central office. The central oflRce houses 
the switching equipment that serves the telephones 
of its immediate community The telephone build- 
ing, housing one or more local central offices, is the 
“wire center’* at which the customers’ loops of the 
telephones in the vicinity converge and aie termi- 
nated. The primary function of the central office is 
to initiate and control the switching action which, 
on demand, will permit the connection of any local 
telephone to any other telephone served bv the 
same central office, in the same exchange, in nearby 
exchanges, and in distant cities. For this purpose, 
each central office has direct interoffice trunks radi- 
ating from it to many of the other local central 
offices in the same area, to tandem offices and to 
long-distance offices for intermediate connection to 
circuits to more distant places 

A tandem office is an intermediate switching lo- 
cation whose primary function is to interconnect 
trunk circuits to and from the local central offices 
in the area. In this manner trunking economies are 
achieved, particularly in those instances where 


traffic volumes between two local central offices are 
not sufficient to justify a large number of direct 
interoffice trunks between the two local offices. 


Interoffice trunks. Thes»e are the sppech-carrving 
telephone circuits between the switching systems 
in the exchange and its environs. Carrier systems 
usually provide the transmission medium for the 
longer trunk circuits. For shorter trunk circuits, 
under about 8-10 miles, the two- wire circuit oper- 
ating at voice frequencies continues to be the basic 
transmission medium. These two-wire circuits are 
19-, 22-, or 24-gage, with some 26-gage cable pairs 
Transmission considerations usually indicate a re- 
quirement for inductive loading, and 8B-millihenry 
coils spaced at 6000-ft intervals are commonly 
used. A large percentage of these trunks are 
equipped with negative-impedance-type repeaters 
either at the terminals or intermediate points. 
Transmission requirements and resistance limita- 
tiohs control the selection of wire gage, loading, 
and repeaters. Signaling on virtually all voice-fre- 


quency trunks is by direct cnim^ w 

ance limitations vary between 6Q0 4ad 8000 Xlf 
depending on the types of central bflSce inv^’ 

An assemblage of interoffice titonks, 
carry a parcel of telephone traffic be^een 
switching systems, is called an interoffice trunk 
group. The number of trunks in the group is 
pendent on (1) the probable amount of telepho^ 
traffic constituting the offered parcel during the 
busiest hour and (2) the quality of service to be 
maintained. In final routes, the number of trunks m 
the group is such that the offered traffic finds little 
or no delay in completion during the busy hour In 
high-usage routes, the number of trunks is deliber 
atelv fixed at less than the number required for 
final service. Therefore, some of the offered traffic 
finds no idle trunks during the busy hour and is 
rerouted automatically, where the switching system 
permits, to another route via a tandem office This 
principle is termed alternate routing. The rerouting 
involves no noticeably delay, and since the rerouted 
traffic is combined with other rerouted traffic items, 
a more efficient interoffice trunk network is ob 
tained. See Communications systfms (irafuc) 

DFSION. 

An exchange cable is a grouping of copper con 
doctors insulated bv either paper pulp cr pol) 
ethylene, covered by an outer sheath of protective 
material, and used for subscriber loops and inter 
office trunks Wire sizes commonly employed are 
26-, 24-, 22-, and 19-gage Cable sizes vary from 6 
pairs to 2100 pairs In the modern pol\ ethylene 
insulated cable (PIC), the cable is made up in 2S 
pair groups of conductors, each pair of whuh h 
identified by a distinctive color (ode fiach 2S pan 
group also has a distinctive! v colored binder to aid 
further in locating a particular pair. The protective 
outer sjheath is usually made of plastic 

Numbering plans. The numbering plan inu«it 
uniquely identify each telephone station so that 
calls may be directed to it For a complete discu« 
sion, see SwircHiNur systfms, < ommunk ahons 

INTERURBAN TELEPHONE SERVICE 

Interiirban service provides and operates the 
equipment for switching and transmitting tele 
phone communications between exchange areas 
The term long-distance service is often used to dc 
note interurban telephone service. 

Long-distanCB office. A centralized location in 
an exchange area is provided to handle long-dis 
tance service for that area and often for other 
nearby exchange areas. Large urban areas mav 
have more than one subsidiary long-distance office 
when it becomes necessary because of physical 
limitations at a single office or to protect service 
by decentralization. Figure 1 shows how long 
distance offices handle interurban telephone calls 
originating and terminating in the exchange area« 
served. 

Calls between exchange areas served by two dif 
ferent long-distance officer are often too few in 
number to justify econotnfrally a direct connection 
between the two long-distance offices. Such calls 
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Fig 1 Interconnection for long-distance telephone established. (American Tefephone ord Te/egroph Co.) 
calls Arrows indicate direction in which connection is 


are routed through a third long-distance office, 
whuh ran connect directly to the first two offices. 

the third long-distance office, these calls are 
tf^rmed through-switched traffic. Connections be- 
tween offices are provided by groups of trunks. The 
number of trunks engineered for a group depends 
on the number of calls it is expected to carry. 

The equipment at a long-distance office may be 
manual or mechanized. Switchboard positions at 
which long-distance operators establish connec- 
tions by verbal request and write tickets to record 
hilling information are used at a manual office. 
Most long-distance offices have some switchboard 
positions for operators who render assistance on 
interurban calls which require special handling or 
which cannot be completed by dialing procedures. 
Interurban telephone service is highly mechanized. 
More than 94% of the intercity trunks in the 
I niied States are equipped for the dialing of calls 
to completion by either operators or customers. 
Mechanized offices are equipped with dial-switch- 
ing systems designed for interurban service. The 
type of switching system used depends on the num- 
ber of calls to be handled and the distribution of 
traffic among the three categories of calls discussed 
above. Long-distance offices are also provided with 
the equipment needed for trunks and signaling. 

Intercity trunks. These are the telephone chan- 
nels between exchange areas. The distortion and 
attenuation limits are kept within a narrow range, 
'unce these effects arc cumulative for the trunks 
that comprise a connection. At the minimum, there 
a connecting circuit between the long-distance 
ofiicc and a local office at each end of an intercity 
^runk. If an interurban call is between two small 
towns 3000 miles apart, several intercity trunks in 
tandem may be used for the connection. 


Many types of transmission systems are used for 
intercity trunks. For a particular long-distance 
route, the most economical type is used for the 
distance to be covered and the total number of 
trunks to be provided over a reasonable length of 
time; that is, future growth must be considered. 
Transmission systems used include voice- frequency 
circuits on wire cable or open-wire lines, and car- 
rier systems for wire cable, open-wire lines, coaxial 
cable and radio rcHv. Intercity trunks may be one- 
way, over which a telephone call can be initiated 
from one end only. Of < ourse, conversation may be 
in either direction once the connection is made. 
Over two-way intercity trunks, a call can be initi- 
ated from either end, although not simultaneously. 

For each intercity trunk, signaling equipment is 
provided to pass supervisory signals needed to es- 
rablish a connection, to disconnect, to indicate a 
busy telephone line, and to indicate when all cir- 
cuits are busy 

Recording of billing information. On most in- 
terurban telephone service, information is recorded 
in order to bill the customer correctly. There are 
three categories of billing information for inter- 
VI ban calls: (1) calls which are included in the 
charge for local service, (2) calls for which the 
total charge is a multiple of a unit charge; the 
total number of units used in a billing period are 
lumped together as an aggregate or bulk item; 
multiunit calls are generally recorded automati- ' 
cally, (3) calls which are billed individually with 
a listing of the locality or exchange called and the 
amount of the charge for each. These calls may be 
manually recorded by operators or recorded autCN 
matically. 

When information for billing is recorded auto* 
matically, it is by registers assigned to indisMualf 









Fig. 2. Standard routing pattern. (American Tele- 
phone and Telegraph Co.) 


lines for multiunit calls or by automatically printec. 
tickets, punched paper tape, or magnetic tape for 
multiunit calls and detailed billed calls. In the 
United States, the Bell System uses registers, 
printed tickets, and punched paper tape for auto- 
matic recording. The latter equipment is known as 
automatic message accounting (AMA) equipment. 

Another offering, called Wide Area Telephone 
Service (WATS), is designed for customers who 
make a large number of long-distance calls to scat- 
tered points. The customer having this service has 
a choice of six prescribed calling areas, the sixth 
or widest allowing him to call points outside his 
home state anywhere within the United States, ex- 
cept Alaska or Hawaii. 

Depending upon his long-distance calling needs, 
the customer also has the option of buying Wide 
Area Telephone Service on a full-time or meas- 
ured-time basis. On the full-time basis the cus- 
tomer pays a flat monthly charge for which he may 
make unlimited use of his access line for calls 
within the specified area. In the measured-time 



Fig. 3. Regional switching areas of United States and 
Canoda. (Amerkan Telephone and Telegraph Co.) 


option, the basic rate covers use of the service k 
15 hours a month. The total usage tikne is receril!^ 
on a cumulative timing device, wfaieh is activ^ 
when the call is received by the cidled custom 
Upon the completion of the call, the timing devi^ 
is turned off until reactivated by the next call U 
the user exceeds his 15-hour monthly usage tim 
he pays a fixed charge for each additional hour ^ 
Direct distance dialing (DDD). Inaugurated i 
the United States in 1951 and in Canada in I95g 
this service permits a customer to dial his own in! 
terurban calls. DDD service requires dial-switchin 
equipment for the local office at the originatin! 
end and all long-distance offices through which 
a DDD call may be routed. Automatic equip, 
ment is required to record the calling and called 
telephone numbers and the duration of the conver- 
sation. A comprehensive numbering plan is re- 
quired to give each telephone a unique number to 
indicate the destination of a call to the dial-switch- 
ing systems. Finally, a standard routing pattern 
and a general swiijphing plan are required. The 
standard routing pattern provides a basis for the 
selection of important switching centers, called 
control switching points (CSPs). The general 
switching plan provides an orderly method of in- 
terconnection over the most direct and economical 
route available. 

Standard routing pattern. The basic pattern is 
shown in Fig. 2. Each local office is called an end 
office. Each long-distance office is classified as a 
toll center (TC), primary center (PC), sectional 
center (SC), or regional center (RC), in order of 
increasing importance or rank. PCs, SCs, and RCs 
are all CSPs. Dial-switching equipiftent with the 
following features is needed at SCs and RCs and is 
desirable at PCs and TCs if costs permit: (1) au- 
tomate alternate routing, the testing of two or 
more routes in a predetermined order to find an 
intercity trunk not in use; (2) selection of the de- 
sired route from the first three or first six digits 
dialed; and (3) code conversion, erasure of digits 
dialed or prefixing of digits to those dialed; often 
needed to route a call toward its destination. Each 
office, except an end office, may also serve in a dual 
capacity as an office of lower rank ; for example, a 
primary center handling through-switched traffic 
may also act as a toll center to handle the originat- 
ing and terminating traffic for the exchange area 
it serves. 

General switching plan. Each local and long dis- 
tance office is connected to an office of higher 
rank by means of a group of trunks called a final 
group. All regional centers are directly intercon- 
nected by final groups. Figure 3 shows the regional 
switching areas in the United States and Canada. 
Final groups are provided with enough trunks so 
that only under abnormal conditions will there be 
more than a small chance of all circuits being busy. 

Figure 4 shows some typical homing arrange- 
ments. The home office may be of any higher rank. 
Most long-distance oSmes are the home for end 
offices, even though this is not shown on Fig. 4. 
To allow direct connection between as many offices 


aoeiiUe, • hii^-aaage intercity trunk group is 
between two offices of any rank when 
]) the cost per trunk is less than the cost of the 
t route (two or more intercity trunks 

j tandem), «nd (2) there are oiough calls to load 
minimum of two or three tounks. Figure 4 shows 
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Fig 4 Homing arrangements and high<usage trunks 
(American Telephone and Telegraph Co ) 



Fig. 5. Automatic alternate routing for o long-dli- 
tance coll from Syracuse, N.Y., to MiomI, Fla. (Amerf- 
can Telephone and Telegraph Co.) 
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Ac total calls n^ during the busiest hours of the 

o maintain a high grade of servioe, Ae re- 
tnainmg or overflow calls are offered to an alternate 
route. The alternate routing capabilities of dial 
switching systems automatically select a route in 
which there is an intercity circuit not in use at the 
moment. Available routes to the distant point are 
tested in an order of prearranged preference, the 
most direct route being the first choice route and 
the final route being the last choice route. Where 
there is only one route provided, a final route is 
used. 


Figure 5 illustrates the application of alternate 
routing for a long-distance call from Syracuse, 
N.Y., to Miami, Fla. The numerals indicate the or- 
der of preference of selection of asailable routes in 
the orderly sequence of the general switching plan. 

International dialing. Whether by operators or 
customers, international dialing presents many 
problems which require cooperative effort for solu- 
tion, because other countries, particularly in Eu- 
rope, have differing arrangements for interurban 
dial service. Some of these problems arc exchange 
of supervisory signals and dial pulses, standardixa- 
tion of transmission (speech-current) levels, and 
recon( illation of differences in alphabets and dial 
designs A number of countries have resolved these 
problems for calls between or among themselves. 
Continued progress will eventually unite all coun- 
irie^ in a dialing communitalionb network. 

[C. M. MAPES] 


OVERSEAS TELEPHONE SERVICE 

Overseas telephone service links the telephone 
systems of about 185 countries and territories 
throughout the world (Fig. 6). In 1%4, there were 
a total of about 6 400,000 telephone conversations 
involving the llnited Slates, and many more in 
other parts of the world. Some 98% of all the tele- 
phones in the woild may be connefled with the 
United States telephone system. 

In addition to providing telephone service, over- 
seas telephone facilities transmit music and voice 
programs for broadcasters. The military utilixe 
them as well for voice, data, teletypewriter, and 
facrimile services (maps, charts, pictures, weather 
reports). Since 1959, these overseas circuits have 
also been made available to international telegraph 
companies for whatever communication services 
they are authorized to furnish. Sec Facsimile. 

Overseas telephone circuits are largely provided 
by three transmission systems; high-frequency 
radio, tropospheric scatter radio, and submarine 
cable. Each has a definite field of use deternfined 
by Its own characteristics and limitations. In addi- 
tion, the development of an international com- 
munication system in space is now under way. 

High-frequency radio systems, the mediums ox 
ovcTSfftft talcphono coBunumcfttiwi sinco the lrt6 
1920* have beeh univcTBally employed became they 
can link economically coontriw at great die* 
ta noe * and beoauae dieir flexibility nskea dievt a 
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jpraotical way to provide a few circuits over long 
4iatattces. Tlie more recently developed tropo- 
^gdieiic scatter radio is primarily useful for com- 
mundcatioti over relatively short distances over 
water or for inaccessible terrain, such as the Arc- 
liCi Submarine telephone cable systems are not 
subject to the fading and interference that plague 
high-frequency radio systems. Cable systems pro- 
vide superior transmission performance, have 
great circuit capacity, and can be extended over 
long distances. Although cable systems cost more 
than high-frequency radio systems, these values 
have caused them to be used on long water routes. 

High-frequency radio systems. These systems 
operate in the 2- to 25-megacycle (Me) radio- 
frequency range, provide up to four telephone 
channels per system, and operate over long dis- 
tances. For example, the circuit between Oakland, 
Calif., and Bandung, Indonesia, extends 8650 
miles. They provide good transmission most of the 
time but are subject to occasional fading and inter- 
ference due to disturbances in the ionosphere. The 
total assigned bandwidth limits the number of such 
systems that can be used. 

With only a few exceptions, overseas radiotele- 
phone circuits are obtained through use of single- 
sideband (SSB) equipment. With SSB, as many as 
four telephone message circuits can be handled by 
one radio transmitter. These transmitters have out- 
put powers ranging from 2- to 80-kw peak envelope 
power and are assigned to the various circuits as 
required by the length of the radio path and trans- 
mission conditions encountered on it. For example, 
circuits from New York to northern Eiiiopean 
countries, which traverse the auroral zone, require 
considerably higher power for the same grade of 
service than do circuits to South America. 

Transmission at these frequencies is accom- 


plished by reflection of the radio waves by th 
ionosphere and by the earth. The tvaves may ^ 
reflected one or more times before* reaching th^ 
distant receiver. Because of the constantly chana! 
ing density and position of the ionosphere, the 
radio frequency is selected for the existing condi, 
tions. As many as five frequencies in the 2- to 25. 
Me range may be required to provide continuous 
service on some of the longer radio systems during 
the sunspot cycle of approximately 11 years. The 
specific frequency utilized depends on the time of 
day and time of year. See Ionosphere; Radio- 
wave PROPAGATION. 

Overseas, the voice currents are restored to 
proper strength at the radiotelephone receiver. A 
signal starting out at 40-kw peak envelope power 
will often arrive at the input of the distant re- 
ceiver as only a few millionths of a watt. At the 
receiver, this weak signal is amplified and trans- 
formed from the radio-frequency range to the 
voice-frequency range and, by means of filters in 
the output circuit, se)parated into the several mes- 
sage channels. Finally, the voice currents are sent 
over the domestic telephone system of the distant 
country. 

A directional antenna is used at the transmitter 
to focus the radio signals sharply in the desired 
direclion. A directional receiving antenna is used 
to exclude undesired signals and noise from other 
directions. 

Tropospheric scatter systems. These systems 
normally operate in the 300-5000 Me frequencN 
range and provide about 60 100 telephone circuit''. 
Although radio waves at these frequencies are not 
reflected by the ionosphere, it has beeirtound that 
if large amounts of power are radiated, scattered 
energy will be received over relatively long dis- 
tances beyond the horizon. By the use of high- 
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poi^crcd tranfimitters (up to 10 kw) and large, 
high-gain antennas with diameters of 30-60 ft, sig- 
of strength adequate for a multichannel tele- 
phone or for a television service can be provided 
over distances of about 200 miles. 

Signals transmitted over this system are subject 
10 frequent fading of rather large magnitude, and 
therefore space- and frequency-diversity reception 
is usually required. Two antennas about 200 ft 
apart are used. See Radio receiver. 

Radio relay systems are usually more suitable 
than the scatter systems for overland use where 
intermediate radio relay stations can be con- 
structed. See Radio. 

Overseas submarine telephone cable. Sub- 
marine cables generally consist of a single conduc- 
tor and a grounded coaxial return conductor. Ini- 
tially. no underwater amplifiers existed, and the 
associated telephone equipment was established 
at the terminals on land. This arrangement was 
satisfactory for transmission over short distances, 
and such circuits are still used bclwe^en Florida 
and Cuba, between Great Britain and the European 
rontinent, and many other places. However, sub- 
marine cables over long distances require under- 
water amplifiers to restore the transmission losses 
in the cable. These amplifiers, called repealers, 
must be capable (»f operation at 2 or 3 miles below 
the surface and must have a long life. 

The present, expanding international telephone 
(•aide network dates from the construction of a 
submarine ocean cable system between North 
America and Great Britain in 1956. The deep-sea 
portion links Clarenville, Newfoundland, and Oban. 
N'otland. In North America, the system is tied to 
the Canadian and American domestic telephone 
networks l)y shallow-water cable and radio relay 
Malions. Abroad, it is connected with British tele- 
phones by land lines and, via circuits under the 
English Channel, to several countries on the Euro- 
pean continent. 

The excellence of the new faidlities cac-ed the 
demand for service to skyrocket. As a result, a 
nmnher of other telephone cables were laid in the 
next years. These were all of the same design. 
They used twin one-way cables up to about 2000 
nautical miles. They had external armor for 
strength and protection and flexible one-way am- 
plifiers, or repeaters, spaced about 40 miles apart. 
Power for the repeaters was fed from the termi- 
nals. Originally the cable system provided 36 cir- 
<^^uits at 4-kc spacing, but improved terminal equip- 
ment later permitted that total to be raised to 48 
circuits at 3-kc spacing. . 

This capacity was further increased very ma- 
terially in 1960 when terminal equipment of a new 
design and a complcjx switching system known as 
TASI was introduced. This takes advantage of the 
pauses in conversation when one of the parties is 
listening or stops to catch his breath or to collet ^ 
his thoughts. Operating at lightning speed, the ^ 
equipment takes advantage of this idle time and 
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places the momentarily unused coQverigUonftl 
path at the disposal of someone who at that veiy 
jnstam is starting to speak. TASI (time-asatgimiefit 
speech interpolation) is a group of high-speed 
switches with “logic** and “memory** devices. It 
also about doubles the number of conversations 
possible on the original cable. See Logic circuits. 

The very success of the first transatlantic tele- 
phone cable had shown the need for a new design 
-one that would provide more circuits in a single^ 
two-way cable capable of spanning a much greater 
distance. Such a cable was developed by the Bell 
Telephone Lalmratories. and its first use dates 
from 1%3, when a cable was laid between Florida 
and .Tainaica. (Concurrently, the British were 
developing a somewhat similar system for their 
Commonwealth communication network, and its 
first link was installed from Scotland to Newfound- 
land in late 1961.) 

The two-way cable provides 138 3-kc circuits 
in a single system that can reach as far as 3800 
nautical miles. To reduce transmission losses at 
the high frequencies transmitted --a 1,000,000- 
cycle bandwidth or about six times as wide as 
that previously used — the coaxial conductor has 
been enlarged. The steel wires to strengthen it, 
formerly placed on the outside of the older type 
of overseas cable, are in the center (Fig. 7). This 
design substantially reduces the tendency' of the 
< ahle to twist under tension. The diameter of the 
deep-sea ixirlion is VA in. 

The amplifier used with the original overseas 
lelephiuie cable, which operated in one direction, 
was a one-way repeater of flexible type that could 
|)ass arruind the drums and sheaves of the laying 
gear of a calde ship. The new two-way cable 
ctfuipped with tw(»-way repeaters spaced at inter- 
vals of 20 nautic al miles. They are housed in rigid, 
cylinder- shaped cases about 3 ft long and 13 in. 
in diameter. They weigh about 500 1b and each 
contains some 5000 precision parts. 

The repeater is a three-stage feedback amplifier 
of conventional design. The electron tubes are 
pentodes of special design to ensure long life. The 
amplifier provides 49-db gain at the highest fre- 



Fig, 7- Cable used In overseos telephone^ serylce> cut 
away to show elements. 



TIm plate and heater power for the ampli* 
4er ia ait|^plM over the cable by a constant direct 
onrratt of 889 miUiamperes. The plate voltage of 
ainpiKndinately 45 volts is derived from the voltage 
ikop across the three heater elements. Built-in test- 
ing features are provided whereby each amplifier 
in the system may be checked by a shore station. 

These repeaters use a three-stage amplifier that 
can amplify both directions of transmission. Actu- 
ally two amplifiers are included. These are con- 
nected in parallel with a common feedback circuit. 
With this design, one amplifier can fail without 
seriously affecting the over-all gain. 

With the new cable and repeaters developed, 
problems of an efficient laying operation next 
arose. As a result, a new telephone cable-laying 
vessel was created — a greatly changed ship that 
set aside cable-laying practices worked out in the 
100 years since the first telegraph cable was laid 
across the Atlantic. The C.S. Long Lines, which 
has an over-all length of 511 ft and a cruising 
range of 10,000 miles, can hold 2000 nautical 
miles of cable and the necessary associated ampli- 
fiers. She laid the third transatlantic telephone 
cable in 1963. In 1964 she had laid 10,400 nautical 
miles of ocean cable more than any cable ship has 
laid in a single year. 

In view of the constant increase in demand for 
overseas telephone service and the need to provide 
diversified types of facilities, the Bell Telephone 
Laboratories has developed a transistorized sub- 
marine telephone cable capable of providing 720 
circuits at 3-kc sparing. A single-cable design with 
rigid repealers, it will be slightly larger in diame- 
ter and able to reach 4000 miles. This cable will be 
available in late 1967. 

Since 1956 the Bell System has constructed 
ocean cables that span some 22,500 nautical miles. 
It is not, of course, the only organization rontiib- 
uting to the network whi<‘h makes possible inlei- 
national telephone service. The British Common- 
wealth, for example, has constructed a telephone 
cable system in the Pacific which extends from 
Vancouver, Canada, via Hawaii and Fiji, to New 
Zealand and Australia. 

In most instances, the telephone administiation 
which operates the domestic telephone service at 
the distant end of the cable shares in the owner- 
ship with the Bell System. However, in addition 
to the major owners, other countries may arrange 
for the use of a few circuits in an overseas tele- 
phone cable by participating in the cost of the 
cable. 

On April 6, 1%5, a major step in the develop- 
ment of a commercial space communications sys- 
tem was taken with the launching of the Early 
Bird satellite from Cape Kennedy, Fla. 

Telephone service with ships on the high seas 
is maintained by means of central offices at New 
York, Miami, Fla., and Oakland, Calif. About 1735 
vessels make use of this service, with the bulk of 
the traffic being furnished by some 70 liners that 


ply the Atlantic, the Mediterranean, a^d the Pacifi 
(Of more than 600 airplanes eqdpjped for tele 
phone services, about 70 can use high^toas service ) 
The geographical range of this servii^ to ships h 
enormous. The New York office, for Example, nm^ 
at the same time be serving vessels in the Atlantic 
near Ceylon, in the Indian Ocean, and off the coasts 
of Africa or South America. 

Important improvements have about doubled the 
capacity of the service, which was started in 1929 
The use of single-sideband equipment and the 
introduction of elaborate new switching apparatus 
permit antennas to be made available more speed- 
ily and greater use to be obtained from the fre- 
quencies assigned. 

Short-range coastal-harbor telephone service is 
also provided by various regional companies of the 
Bell System. The traffic is usually of a nautical 
operational rather than a public message nature. 

fC. C, DUNCAN] 

TELEPHONE II^ORMATION SERVICE 

By calling a specified number, customers may 
obtain the telephone numbers of other customers. 
Other services include notification when a non- 
working number is reached, as well as information 
on a variety of other subjects. 

Telephone numbers. A list of telephone num- 
bers in service in a specific area is maintained at a 
centralized location. This list is updated continu- 
ally, usually on a daily basis. This makes available 
to calling customers the numbers which are not 
listed in their current telephone directory. Infor 
mation bureaus also serve as a source of telephone 
numbers for distant customers who do ffot have a 
telephone directory for that area. 

When a number which has been recently discon 
nected is dialed, an operator will usually interccpl 
the call ^nd report the status of the called number 
to the customer. She will also notify the customer 
of the new number to call, if it is available. 

Time. In many areas, customers can secure the 
time of day by calling a designated telephone num 
her. Time announcement calls are routed to an 
automatic time announcement machine or to opera- 
tors located at the central office. Time service may 
be sponsored and provided by the telephone com- 
pany, or the telephone company may provide facili- 
ties for customer-sponsored time services. 

Weather. Customers may also obtain weather 
bureau forecasts by calling a designated telephone 
number. The weather announcements are usualh 
made by mechanical announcement equipment at 
a centralized bureau. At the centralized bureau 
regular weather forecasts are received at periodic 
intervals, usually by teletypewriter from the local 
office of the weather bureau service. Special bulle- 
tins may be issued from time to time depending 
upon weather conditions. Forecasts are read by 
operating personnel and are recorded by a suitable 
recording device. The record is then connected to 
a bulletin circuit associated with the design^t^^* 



lelephonc number. The inforznation is repeated 
it is replaced by a new bulletin 

MiscellaMQUs annoiuicemtiits. Other an* 

nounccmcnt services, such as news items, train or 
plane schedules, theater program information, 
religious messages,^ and stock market quotations, 
^ay be made available by arranging to call a 
designated telephone number, which terminates on 
recorded announcement facilities. This service is 
usually provided and sponsored by commercial 
customers of the telephone company. The demand 
for these services must be carefully administered; 
otherwise it would be necessary to provide exces- 
^ive amounts of facilities to avoid overloads, which 
niav affect the quality of other telephone services. 

fr. M. M APES I 

TELEPHONE LEAVE-WORD SYSTEMS 

Special services are often available to permit 
callers of a particular line to leave messages in 
the absence of the called subscriber. These are of 
two general types: secretarial systems and tele- 
phone answering sets. 

Secretarial systems. These systems employ 
switchboards similar to manual PBXs but have 
features designed especially for secretarial service. 
The lines of the subscribing customers have jack 
and lamp appearances. The lines to the secretarial 
switchboard are usually bridged to the subscriber’s 
regular telephone line at the central office serving 
the latter. See Telephone private biunlh ex- 
change (PBX). 

The attendants at the switchboard answer calls 
if they are not answered by the subscriber after a 
prearranged number of ringing cycles. The calling 
customer can then leave any desired message with 
the attendant. When the subscriber to the secre- 
tarial service returns to his office or home, he calls 
the secretarial switchboard, and any messages re- 
ceived during his absence are read to him. These 
services are Usually provided by firms onranired 
for the purpose, using switchboards and wire facil- 
ities provided by the telephone companies. 

Because of the distances involved where a given 
secretarial bureau may serve subscribers in outly- 
ing areas of the larger cities, the cost of providing 
direct-wire facilities to each subscriber may pre- 
sent an economic problem. For this reason the con- 
centrator-identifier principle is often utilized to 
obtain more efficient use of the conductors. An au- 
tomatic switching apparatus, called a concentra- 
tor, is located at a central office in the area being 
served. All calls to subscribers in that area arc 
identified on other equipment at the secretarial 
service by causing the proper lamp to light. A rela- 
tively small number of conductors are required for 
connecting the two devices. There will be, of 
course, moments of temporary overload when the 
^^umber of calls exceed the facilities, but these are 
no greater than for telephone service generally. • 
Telephone answering sets. These automatic 
Machines, usually located on a subscriber s prem- 
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ines and connected with his telephone, ansper hh 
coming calls with a recorded message in Us 
absence and, in one type, permit the caller to rec 
cord a message in turn. Only the latter type comes 
within the scope of leave-word services. 

^ These machines generally use magnetic record- 
ing and reproducing techniques, although some use 
a grooved-disk-type recording for the answering 
message. The magnetic medium most widely used 
is a band of synthetic rubber, impregnated with 
iron oxide particles, fitted tightly on a drum of 
nonmagnetic metal. Some machines use steel wire 
as the recording medium. [r. f, davis] 

PRIVATE-LINE TELEPHONE SERVICE 

In its most elementary form private-line service 
consists of two telephone instruments, or stations, 
fiermanently connected to each other by a suitable 
transmission path, and a means of signaling so that 
either station can indicate to the other when a con- 
versation is to be transmitted. This service is not 
limited to the connection of two points only but 
may also include multipoint networks and more 
<'om|)le\ signaling arrangements. Tn the United 
Slates at the end of 1%3 there were approximately 
13,000.000 circuit miles of private line facilities 
under lease for private-line telephone service. 

For many applications, private-line servicp offers 
economic and technical advantages. On the eco- 
nomic side, private-line service will generally re- 
sult in signiii(*ant monetary savings for the cus- 
tomer if his telephone traffic is heavy enough and 
follows a fairly constant geographic pattern. The 
technkal advantages lie in the capability of pri- 
vate lines to meet specialized complex reqiiire- 
nunts, principally those of large users. The proYl- 
sion of satisfactory service for these organizations 
generally recpiires the use of elaborate multipoint 
networks connecting many stations, and these net- 
works often include flexible station-switching and 
gioiiping airangements, which can at present only 
he furnished on a private-line basis. The reason for 
this is that private-line service always involves the 
use of communication channels with predetermined 
performance requirements. Consequently, when 
nec essary, the line facilities and stations compris- 
ing it can be engineered to meet more rigid techni- 
cal recfuirements than would otherwise be the case. 
The Common Control Switching Arrangement 
( CeSA ) is a recent innovation in private-line serv* 
i/'cs which provides the cublomer with a private 
switched network. Customer stations or PBX lines 
are terminated on special switching machines, 
which in turn are interconnected by private trunks 
for the customer’s use. In this manner, a large cus- 
tomer with many separate locations may obtain the. 
economies of maximum use of facilities while still 
retaining the advantages of two-point priyatc-line 
service. 

The term ‘‘private line” has often beeri incor- 
rectly used to describe a grade of teleplibne service 
in which a subscriber is connected to hie serving 
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exchange oflSce via a line assigned for his use only. 
Service of this nature is described by several terms, 
the most prevalent of which are individual-line or 
one-party service. {n. w. ehrlich] 

TELEPHONE TRANSMISSION RATING 

A routine procedure is followed by the Bell Sys- 
tem operating companies to check and grade the 
over-all quality of transmission over customer- 
dialed connections. In effect, it is a plan for rating 
the relative ease with which telephone conversa- 
tions may take place. Many factors can impair 
transmission, including distortion and circuit noise. 
In the modern telephone network, these impair- 
ments have been reduced to the extent that the 
principal measure of quality, from the customer 
point of view, is the volume, or level, of speech 
received. Indications of speech volume, therefore, 
are used as a basis for rating transmission. Ratings 
are penalized when service-affecting noise or other 
transmission troubles are encountered. 

An indication of speech volume obtained at the 
customer’s telephone set would, of course, provide 
the most accurate rating. Obtaining significant 
amounts of data in this fashion would be prohibi- 
tively slow and expensive. Instead, the indications 
are obtained at the central office, and the data are 
adjusted to compensate for the loss of speech vol- 
umes which occur in the connections between the 
customer’s telephone and the central office. 

To check speech volumes electrically, a device 
known as a volume indicator is connected briefly 
to each of a number of circuits over which calls 
are being placed. Tlie volume indicator is essen- 
tially an ac voltmeter with electrical chaidcleristics 
and a speed of response which provide a needle 
deflection proportional to the energy contained in 
the electrical speech wave at any instant. A typical 
pattern of speech volume variations is shown in 
Fig. 8, The amplitude and number of volume-peak 
indications observed during a given interval of 
time bear a statistical relationship to the actual 
loudness of speech being received by the telephone 
user. 

The scale of the volume indicator is divided into 
sectors corresponding to expected subjective reac 
tions by listerrers to ranges of received levels. 
These ranges were determined by comprehensive 
tests of listener reaction to a wide range of re- 



ceived volume levels. When peak indications in 
particular range occur several times within a sner* 
fled period of time, the call is graded accordlnd^ 

Separate ratings are obtained for long-distan^ 
calls by city and for local calls by, central offiee 
For convenience of analysis and the correction of 
substandard conditions, the volume data are brdcon 
down further. The volume data on local calls are 
separated and classified as intraoffice, between 
customers served by the same central office; direct- 
trunked, served by two different offices linked bv 
direct-trunk transmission facilities; and tandem- 
trunked, served by two different offices linked by 
trunks which pass through an intermediate switch- 
ing point. Data on toll calls are taken on calls 
originating within a particular city and are broken 
down into separate classifications for the originat- 
ing part of the connection (the part between the 
customer originating the call and the toll central 
office) and the terminating part of the connection 
(the part between the toll central office and the 
distant customer). vSlume indication checks are 
scheduled on a statistical sampling basis, the nuni 
her of samples taken on each type of call path 
month being sufficient to permit a com))arison with 
calls of the same type made from other cities oi 
thiough other local central offices. 

Volume data are weighted in accoi dance with the 
number of customer calls of each type per day and 
used to enter standard charts from which tran*? 
mission ratings for each city and local central 
office are obtained. 

Study of improved methods foi rating transmit 
sion is concentrating upon the aiitoindtjr measurt* 
ment of the electrical parameters of telpph*)nf 
connections which affect voice transmission qual 
ity. In the future, it may he possible to provide an 
almost if ontinuous flow of data on working tele 
phone connections and adjunct features which will 
make it virtually impossible for a customer to ol) 
tain a substandard telephone connection. 

[h. l. roRi y, ] 

Telephone signaling, special subscriber 

A system supplementing or replacing the usual 
telephone bell, to increase the area covered or 
otherwise provide more comprehensive means foi 
notifying subscribers that they are wanted at the 
telephone. 

Functionally, these are of two types: those which 
give extended coverage without indicating which 
individual is wanted, and those which indicate that 
a particular individual is wanted. 

The first type of system uses audible or viaual 
signaling systems, generally operated in synchro- 
nism with the ringing cycle of the central office or 
private branch exchange (PBX) ringing source. 

Audible signals. These include a simple exten* 
sion ringer (similar to the telephone ringer), musi* 
cal gongs, loud-ringing bells, and horns. Tho^e 
which require low power may operate directly fro*” 
the ringing source. Those requiring greater power 





Fig. 1* Manual code calling system control. 

uac a relay, activated by the ringing source, to con- 
nect commercial power to the sign&ling device. 

Visual signals. These utilize neon lamps, which 
light directly on ringing current, or incandescent 
lamps which light from a local power source under 
tontrol of a relay activated by the ringing current. 
Relay sets can be connected to any type of light, 
^urh as desk lamps, bed lamps, and flood lights, 
whir h operate on commercial power. 

Individual paging systems. Special systems 
^hich give an indication that a particular individ- 
ual is wanted include code calling systems, loud- 
speaker paging systems, and radio paging s\ stems. 

CoJo tailing systems. These systems are usually 
associated with PBXs. They sound a prearranged 
M)de number throughout the premises, u«>iia]Iv by 
Signals on single-stroke musical gongs. With inan- 
iial PBXs, the PBX attendant presses the button 
(see Fig. 1) nunibeied with the desired individual’s 
«ode, and the mechanism sends out that cede, re- 
pealing it a fixed number of times or until the at- 
tendant slops it. Code calling systems with dial 
PBXs may < onsist of switching and relay equipment 
wlieieby any extension user can dial the code of 
the individual wanted. In a typical svsiein of this 
tvpe ihiee-digit codes, using digits from one to five, 
dre employee!. This gives a maximum of ]2.i eodes. 

I Olid speaker paging systems. These systems aie 
often associated with PBXs to call individuals by 
name They may use a special microphone or the 
transmitter of the PBX attendant’s legular tele- 
phone headset, transferred temporarily to the loud- 
speaker system by opetating a key. 

Radio paging systems. These comprise miniature 
radio receivers, carried in a pocket. The receiver 
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giv« Ae wearer an audible signal in response to a 
radio-frequency signal actuated by a telnphone 
«perator at a nearby long-dwtonce switcbboaid. 

ignre 2 shows a typical pocket receiver used in 
these systons. Set Telephone private branch 
exchange (PBX) ; Telephone service. 

[r. F. DAVIS J 

Telephone systems construction 

The process of physically constructing the outside 
plant portion of a complete telephone system. 
Principal components consist of (1) subscriber 
distribution facilities from the central office to the 
customer’s premises, (2) interoffice trunks, and 
(3) interurban cable or wire facilities. This eon- 
siriiction includes new construction and reinforce- 
ment or replacement of existing facilities. The 
construction process includes the pole lines and 
conduit systems, as well as the wires and cables. It 
also includes joining and testing the circuits to in- 
‘‘lire electrical integritv. Circuits are provided over 
cable or wiip. 

Cables and wires. Cables consist of individually 
insulated conductors that are stranded into a core 
and are protected by u plastic or lead outer sheath. 
They contain from 6 to 2100 pairs in one sheath. 
Cables are ideal ified atcoiding to their use aerial, 
iindctgiound. oi bulled. 

Wire circuits are open wire or miiltipfe wire, 
except for a sniall amount of buried wire. Open 
wires arc individual, bare, spaced wires whiih are 
supported by emssarms or bracket-mounted in- 
sulators on poles. Multiple wire consists of insu- 
lated conductors that are stranded around an 
insulated high-strength steel support wire but dues 
not have the outer sheath of a < able. Multiple wire 
has from 6 to 26 pairs The support wire is usually 
0 109 or 0 120 in in diameter, depending on strength 
requirements 

Pole lines. Pole line design is based upon the 
aeiial structures to be supported and the average 
winter weather conditions typical for the location. 
Foi economic reasons, communication lines and 
power lines often share the same poles. This is 
also done to avoid the objections to two adjacent 
parallel pole lines. 

Mechanized equipment is generally used to dig 
the pole hole and set the pole. A two-man crew 
with line truck can set all but the larger joint poles 
Figure 1 shows a modern line truck being used to 
set a pole. 

Where there is an appreciable bend in a pole 
line, an anchor and guy are placed to balance the 
side load. Mechanized anchors are attached to 
anchor rods and inserted in holes dug in the ground. 
The anchors are then expanded to engage undis-^ 
turbed soil. When the anchor is secure, the hole is* 
backfilled and tamped and a guy is placed from 
the anchor rod to the pole. 

If open wire is to be placed on the pole line, 
crosaarras are attached to the poles before they are 
set. 



Fig, 1. Two-man line truck with front-mounted dernc 
being used to set pole. The previously used diggin* 
attachment is on the ground in front of the truck 


Aerial wire. Although there is still a sulmiantid 
amount of open wire in service, little has beei 
placed since World War IT and that m use is beinj 
rapidly replaced. Open wire has a high <ost pe 
circuit and is vulnerable to storms 

Multiple line wire, commonly known as urbai 
and rural wire, was introduced around 19S4 T 
permits economical and rapid placement, altlioiig) 
it has a physical life somewhat shorter than (on 
ventional cable (see Fig 2). 

Aerial cable Aerial cable is geneiall) lashed to a 
supporting steel strand which is attached to the 
poles. Where the volume of work justifies the e(|iii|»- 
ment, the prelashing method of placing the cable 
is the most economical. By this method, the strand 
and cable are properly tensioned and lashed to 



Fig. 2. Multiple line wire at pole support. Large wire 
in clamp is insulated, high-strength, steel support wire. 


gather as tliey m igb n ^ 

lashing techniqae is mlt vmtAf 
placed and tensioned first The cA/m fs 
to the strand as it is being placed. I ^ 

Terminals. Terminals most be pil^vfdad on 
scriber distribution cables to perm^ attadifaio^ 
service wires to the customer’s premises. (} 
about 1954, the paper and pulp insulation in gf 
cables necessitated hermetically sealed termi^ 
to prevent entrance of moisture. Only those cab 
pairs connected to the terminal binding pogtg 
available for use at such terminals. Plastic was h 
troduced as conductor insulation in subscriber di 
tiibution cables in 1954. This insulation is impe, 
vious to atmospheric moisture, and it is therefot 
possible to use ready-access terminals, which giv 
access to every conductor in the cable. 

Underground lines. Underground lines ai 
placed in conduit, which runs between manhole 
placed at 400- to 1000-ft intervals. A truck wine 
line is used to pull c^lc from a reel mounted abov 
one manhole througlr the conduit to the next mar 
hole, or through several intervening manholes i 
blanching is not required and the length is not to 
great Manholes are usually of concrete cast ii 
position ; howevei , they may also be precast 

Conduit is available in a number of materials in 
(hiding concrete, fiber, iron pipe, and clay Multi 
pie ( la> duct with 3, 4, 6, 8 or 9 ducts is the prr 
dominant type. Adjoining pieces of conduit ar 
held in alignment by dowel pins inserted in match 
irig holes in the conduit. Mortar bandages an 
wiapped aiound the junction, resulting in a strong 
watc I light bond ^ 

Underground cable mav contain as many as 210( 
pairs of conductors. A full reel of 2100-pair 26 
gauge, plastic sheath cable is about 1350 ft long 
and weighs approximately 3 tons 

Where the number of cables along a given run 
are not sufficient to justify conduit, the cable md\ 
be buried directly in the ground In some siliialions 
the cable may be buried with no outei protection 
However, if rodents, corrosion or physical hazard'- 
require, the cable may be protected with j'ute or 
vdiious types of armor. Buried interurban cable*- 
are usually plowed in with heavy plow equipment 
at depths of 3-5 ft. Buried urban or rural cables 
are usually placed in a trench or plowed with 
lighter equipment at depths of from 2 to 3 ft. 

Cable splicing. After cables are placed, thev 
must be spliced to provide a complete system The 
individual conduc tors must be joined and the sheath 
opening closed. Before 1958, conductor joining 
was accomplished by skinning off the insulation, 
twisting the skinned conductors to form a pigtail 
joint and slipping an insulating cotton sleeve over 
the joint (see Fig. 2) . 

The present conductor- joining technique 
known as the punch sleeve method. This technique 
applies only to paper- and pulp-insulated cond«^' 
tors. The unskinned conductors to be 
inserted into a plastic-insulated copper tube. Tn« 
tube or ia fhtm nrAssAd between the iaW9 of a 
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vented by Alexwder Gfehan Bdl end petuded In 
the tlnited Sutee in 1876. ammeicial tel^pMlM 
service vras inaugurated by rendng pairs 
phone sets to individuals for local sendee. A sinipn 
lion vrhe vnlh a gtoimA x^nt ^xovtAeA ^ tfixt' 
necUon. Speech ttansnnsnon was poo* tsaa 
\inuted to a distance of a few miles. 

Figure 1 illustrates this demenuiy telephone 
circuit. One device serves as both troMmitter an 
receiver. Sound waves striking the diaphragni cauw 
it to vibrate. The motion of the diaphragm changw 
the magnetic field, inducing electnc . 

ing voltage and current in the winding. ^ 
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Fig. 2. Two ways of interconnecting five telephones, 
(a) By direct hook-up. (b) Through o central-office 

lem is still handled by a combination of direct and 
switched trunks. Central offices are connected to 
long-distance offices by connecting trunks. Long- 
distance offices are inten*onnected by intercity 
trunks. Dial switching systems are now used in 
most of the countries of the world for local service 
and in many countries to an increasing extent for 
intenirban service. A number of countries have dial 
service to each other. Transoceanic dialing by 
operators was started in 1963, and by the end of 
1964 calls were being dialed between the United 
States and the United Kingdom, the (rerman Fed- 
eral Republic, France, Italy, .Switzerland, Aus- 
tralia, the Netherlands, and Ja[>an. The table illus- 
trates the use and automation of telephony. 

International telephony. Both land lines and 
radio relay systems are employed in international 
systern.s. Water barriers are bridged by undersea 



switchboard. (American Telephone and Telegraph Co.) 

cables or radiotelephone systems. Experimental 
satellite relay systems are in operation. Engineer- 
ing and operation of equipment and systems used 
for international telephone service are carried out 
by agreement betw^n governmental telephone 
administrations or private operating companies, as 
the case may be for each country. 

The International Telecommunication Union 
(ITU), established in 1932, is recognized by the 
United Nations us the .specialized agency responsi- 
ble for lelecommunications. This agency promote*' 
international cooperation, undertakes studies, and 
formulates recommendations on telecommunication 
matters. Two organa of the ITU, the Internationa) 
Telephone and Telegraph Consultative Commit- 
tee (CCITT) and the International Radio Consul- 
tative Committee (CCIR) adopt by international 
agreement recommemdations on engirifeering and 


Countries with 1,000,000 or more telephones 


Country 

'NiiiniMT of 
TVleplioiies 
(,lan. I, 1%I) 

Telephones 
Per 100 
Population 

Automatic 

Operation 

t f 

/<; 

Connecting 
witli U.S. 
TVIcphones 

Ve 

Coiiversiitioie 
Per Caiiita 
(1963) 

Argontinu 

Ll2r>,002 

6..30 

88.9 

99.9 

187.8 

Australia" 

2,r, 22,522 

23.1 1 

80.9 

100.0 

175.1* 

Belgium 

l,370,tt1H 

U.70 

93.7 

100.0 

97.7 

Brazil 

1,207,566 

1.57 

83.0 

95.0 

86.6 

Canada 

6,661, 000 

31.89 

93.5 

99.8 

597.7 

CzeehosloYakia 

1. 293.766 

9.27 

85.7 

100.0 

69.1 

Denmark 

1,2 17,050 

26.:u 

62.0 

100.0 

337.0 

Fra lire 

5,.336,371 

11.09 

83.8 

100.0 

40.9 

Germany, Dem. Bep. 

1. .5 13.271 

8.82 

97.8 

100.0 

60.7 

Gcrinany. Fed. Rep. 

7..J99.57I 

13.12 

99.9 

100.0 

98.3 

Italy 

3,036,917 

9.99 

97.3 

97.4 

1.37.0 

Jupuir 

10.682,192 

Ll.06 

62.3 

79.8 

i 

Nelherlunds 

2,023,258 

16.80 

100.0 

100.0 

156.2 

Poland 

1,088,686 

3.52 

80.1 

70.0 

A 

South Africa'' 

1,069,612 

6.16 

72.4 

89.0 

85.8 

Spain 

2,283,163 

7.32 

78.5 

100.0 

i 

Sweden 

3,222,699 

42.25 

95.0 

100.0 

446.9* 

Switzerland 

1.997,957 

.33.95 

100.0 

100.0 

263.2 

U.S.S.11./ 

6,502,000 

2.87 

60.0 

70.0 

A 

United Kingdom 

9,34,3.000 

17.41 

89.0 

100.0 

107.9 

United States 

84,433,000 

44.26 

98.9 

100.0 

570.0 

World 

171,000,000 

5.3 

91.0 

96.8 

' _ 


• Juiw 30, 1963. ‘ Dec. 31, 1963. ' Mar. 31, 1964. Not available. * June SO, 1964. 

f Estimated figures. 




operational matters in international communica- 
tions. ^ 

Telephony in the United States. The American 
Telephone and Telegraph Company, 21 principal 
tcleplione subsidiaries, and 2 associated companies 
make up the Bell System and serve about 85% of 
the nation’s telephones. Of the 2600 independent 
telephone companies serving the rest of the nation, 
the largest operating group is represented by the 
General Telephone and Electronics Corporation, 
which serves almost 6% of the nation’s telephones. 
More than 98% of the United States telephones 
have local dial service. Long-distance dial service, 
railed direct distance dialing (DDD), was inaugu- 
rated in 1951 and is rapidly becoming as wide- 
spread as local dial service. Many industries, busi- 
ne.sses, and government agencies lease telephone 
channels (talking paths) for their private-line use. 

Transmission systems used for telephony (‘an be 
ii^ed for many other communication services, such 
as teletypewriter, telephotos, facsimile, data for 
computers, control signals, radio and television 
networks, and special networks and systems for 
national defense. Ser Data roMMUNicATioNs; 
Facsimile; Radio broadcasting networks; Tl- 
LL(,RAPii Y ; Telephotography ; Teletypewriter 
ixlhange TWX) service; Television networks. 

Manufacture of telephone equipment. Most 
equipment for switching and transmission systems 
is manufactured on an assembly-line basis. Appa- 
ratus. devices, sockets, and brackets are fastened 
to mounting plates or other supports, which are 
then assembled on steel frameworks of various 
widths and up to 11^ ft high. As much wiring as 
possible is placed during manufacture, often to 
blocks of terminals mounted on the framework. 
Miiltironductor cables are used during installation 
to interconnect the units of equipment that com- 
prise a working system. Advantage is taken of min- 
iaturization. printed wiring, and use of plug-in 
units to facilitate manufacture, installation, and 
maintenance. See Systems engineering. 

Fundamental planning. The telephone commu- 
nication complex of the United States is the result 
of an evolutionary technology. New system and 
equipment designs must work in compatibility with 
older systems and equipment and must possess 
flexibility to permit the introduction of still newer 
technology without any major displacement of ex- 
isting instrumentalities. Older equipment is often 
modified to add the features of newer equipment 
that introduce new services. In this way, a program 
of continual modernization is maintained. In^ addi- 
tion to solving technological problems, it iff just as 
important that telephone service be economically 
attractive to both the telephone users and the tele- 
phone industry. Short- and long-range planning, as 
well as nationwide and international coordination 
of all aspects of telephony, receive regular atten- 
tion to maintain fast, accurate, and reliable service 
while demands for more service of wider scope 
continue to grow. See Communications systems 
(traffic) design. [c* MAPF.S] 
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Telephoto lens 

A photographic lens system specially designed to 
give a large image of a distant object in a camera 
of relatively short focal length. A telephoto lens 
generally consists of a positive lens system and a 
negative lens system, separated by a considerable 
distance. If color correction is desired, each of the 
partial systems must be color-corrected. It Is usu- 
ally not easy to correct distortion in a teleobjec- 
tive, but occasionally it has been achieved. 

Teleobjectives of very long focal length and with 
infrared correction have become important for ae- 
rial reconnaissance, where the i eduction of the 
hack foius is necessary because of space. See 
Camera: Lens, optical. [m. herzdercer] 

Telephotography 

The transmission of photographs over electrical 
communication channels. The channels are gener- 
ally those* provided by common carrier communi- 
cation companies. Individual users furnish tele- 
photograph or facsimile machines to suit their 
requirements. In the United States such services 
range from simple arrangements connecting two 
sets of machines within a city to large networks in- 
volving many cities and types of communication 
facilities. Coordination must thus be effected be- 
tween the communication companies and the manu- 
facturers of eciuipment used by customers for their 
stations to ensure compatibility of equipment and 
optimum system performance. Unattended recep- 
tion is made possible by starting and synchronizing 
receiving machines with pulses or tones generated 
at the transmitting location. 

The transmission of news photographs and 
weather maps is one example of a use with con- 
trasting requirements involving different types of 
machines and networks. Normally, news pictures 
require half-tone reproductions with a number of 
shades of gray. At the receiving locations photo- 
graphic reproducing devices are used. In contrast, 
weather maps and other black and white nonshaded 
material can readily be reproduced by direct re- 
cording processes. Networks used for transmitting 
news pictures are designed for transmitting and 
rtceiving at most points because of tlie unpredict- 
able nature of the location of news events, while 
the weather network has only a few transmitting 
points at key locations with many receiving-only 
locations. 

For coordination of operations and for making 
special announcements, both types of networks 
must handle speech. Therefore, loudspeakers and 
telephones are provided at all locatxons. 

Most of the equipment in use todays operates at 
speeds which will transmit an 8H- X ll-in. page 
in about 6 minutes. There has been considerable 
interest in recent years in much Mf^er speeds W 



r^qiiiie nfider band- 
that will produce sharper 
dba ^e resulting photographic film 
MMljf'Ilk iieed for engraving plates suitable for print- 
of high quality. A number of trials have been 
run over special intercity facilities in which defi- 
nitions up to 1000 lines/in. at high speeds have 
been tested. This service may require bandwidths 
ranging from 25 kc-1.0 Mr. 

Today, the usual transmission equipment em- 
ploys a double sideband or vestigial single side- 
band amplitude-modulated carrier for transmis- 
sion. Representative carrier frequencies are 1920, 
2000, and 2400 cps; thus voice bandwidth circuits 
can be used. 

Photographs, with their various shades of gray, 
require the transmission of considerably more in- 
formation than simple black and white material. 
Consequently, circuits used to transmit photo- 
graphic information must be specially engineered 
and maintained. For example, to obtain sharp 
edges on picture material, it has been found im- 
portant to reduce transmission distortion to the ex- 
tent that the elemental areas of the scanning proc- 
ess are not shortened or elongated by more than 
one-half of their size. This means that the high- 
grade intercity networks must be equalized from 
about 1200 cps to about 2600 cps to within about 
300 microseconds of envelope delay Amplitude- 
frequency equalization is also important and must 
be maintained within reasonable limits over the 
transmitted band. 

Special treatment is given facilities used for the 
permanent networks. Abrupt changes m level, 
which could cause sharp changes of shading in 
pictures, are minimized. Reflection, or echo cur- 
rents, which could cause multiple images, are re- 
duced. Random and impulse noise, which could 
cause interfering patterns, are avoided The linear 
ity of amplifying equipment is improved to main 
tain a wide gray scale. 

The transmission of nonshaded black and white 
material requires the same general techniques, but 
broader limits are peimissible with respect to level 
variations and certain types of noise This is par- 
ticularly true when direct-recording processes are 
used or where high quality is not a paramount con- 
sideration. See Facsimilf [c.c.dii ] 

Telescope 

An optical instrument which increases the appar- 
ent angular width of distant objects, terrestrial or 
astronomical, in order to resolve them The sim- 
plest type of telescope consists of an objective lens, 
which forms a real image of the object, and an 
ocular or eyepiece for magnifying and viewing this 
image {see Eyepiece; Lens, optical). A telescope 
having an objective lens is called a refracting 
telescope (Fig. la). The objective lens can be re- 
plac^ by a mirror or by a system containing re- 
fracting and reflecting elements (catadioptric sys- 
tem). Many of the telescopes used for astronomical 
observations have a concave parabolic mirror, 



Fig 2. Diagram of a Galilean telescope 


rather than a lens, as the objective The^te air 
called reflecting telescopes (Fig 16) 

Types. The Galilean telescope, a refracting ter 
restrial telescope that was first (onstructed by C»ali 
leo in 1609, is shown in Fig. 2 In this instrument 
the objective is a converging lens, which alone 
would form a real inverted image QQ' of a distant 
object, and the eyepiece is a diverging lens, so that 
the Galilean telescope forms erect images, in eon 
trast to the astronomical telescope, which forms 
inverted images. To the observer at the right thf 
light rays appear to come from RR\ the enlarged 
virtual image. For a distant object the magnifica 
tion is /„ //,, where /„ and fe are the focal lengths 
of the objective and eyepiece, respectively. In ad 
dition to the advantage of forming an erect image 
the Galilean telescope has the advantage of form 
ing an image which is relatively bright for night 
observations. However, these advantages are conn 
terbalanced by the fact that its field of view ^ 
smaller than that of the astronomical telescope and 
also by the fact that the image is less sharplv de 
fined. In low magnifications, the Galilean telescope 
appears in common opera-glaaa constructions. 
Image, optical; Opera classes. 
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listedl biigA<«>r^ for aper- 
and «bromatfc errm. For astro- 
wf®* 1 nhotofcraphy. photographic lenses of large 
*'“neiih ami laWh eapecially good conectione 
often «*«*• See XSTOONOMICKL PHOTOGRAPHY ; 

?i[LJsCOPE,A9TKONOMlCAl.. 

Modem terrestrial telescopes are essentially as- 
ironoroical telescopes contoining mirrors, prisms, 
or additional lenses to reinvert the image. For de- 
tails on optical instruments which utilize the prin- 
(iple of the terrestrial telescope, see Binoi ulars; 
I,uN sights; PtBiscopt; Ranceiinder, optical. 
Pnsms have the advantage of combining the neces- 
,arv length of light path with a short length of the 

instrument. 

For telescopes of large focal length, and espe- 
cially for systems which are used outside the visi- 
ble spectrum, the correction of secondary spectrum 
liecomes difficult. Therefore in many cases refler- 
lor* or. more recently, catadioptric systems siu h as 
the Schmidt camera, are used, in which the mirror 
part provides all the necessary power while the 
latadioptric auxiliary system corrects the monn- 
ihromatic eirois of the miiror. See S( ilMiDt cam- 

rRA 

Advantages. Telescopes, binoculars, and similar 
instruments are used not onlv to magnify small ob- 
jects but also to make them visible if the object 
lontrast is insufficient. The contrast of an image 
mav be defined as 


m^^Ht ^plifioatiM over laboratory iaiint- 
A object, at variable dfaSl. 

t!„« t?L ’ . *» by the posi. 

Th, !■>“' Ml be , SL 

iedet 1 “'*?**“? usA 

mo!t a telescopes are com- 

^ photographic cameras, the ^ape oi 

the focal plane and the extent of the sky that can 
be recorded ytiih good images in a single exposure 
are important considerations. 

Simple telescope. In a simple astronomical tele- 
scope, an objective lens, mounted at the end of a 
cylindrical tube, forms real images, A and B, of 
two stars in its focal plane (Fig. 11. The images of 
stars may be viewed directly by the eve with some 
difhcuhv, but they are more often projected onto a 
viewing screen, a photographic plate, a photoelec- 
trir surface, or other light-sensitive instrument 
They mav be re-imaged by additional lenses and 
minors as required for a particular type of investi- 
gation For visual observation, a combination of 
lenses, forming an eyepiece, follows the focal 
plane. An evepiet e enables the eve to view the star 
images from a short distance, thus increasing the 
angle subtended The stars subtend the angV a» 
at the telescope lens, the same angle which they 
subtend when they are viewed with the unaided 
eve but the e>epieie causes the star images,to ap- 
pear separated bv the angle or when viewed from 
the image plane The magnification of the telescope 
evepiec e combination is the ratio 




/■n.x - /m.n ^ «• tt, ( 1 ) 

(/m«x 4- /min) or. eiiuivaleritly. 


When this formula is applied, for example, to a 
‘‘tar /i„Hx IS the intensity of the star and l„nn the 
illumination of the surrounding skv In this case, it 
(dll he shown that the threshold intensity is pro- 
portional to the telescope magnific ation, provided 
the pupil of the eye is filled with light. 

In viewing ob|€*cts of low contrast (night vision), 
d telescope helps the ob'veiver bv masking out some 
(if the bac kground and background illumination 
The effect in thih case is, of course, independent of 
magnification; a tube without len^^es would serve 
the same effect. Sep Optical tracking instru 
MtNis: Optics, gi-omftrk al, Rfsoivinc powi-r 
(oprifs). See also Radio tliescope. ^ 1 

Bibliography: D. H. .larobs, Fundamentals 
of Optical Engineering, 1943; A. Kuehl, Z tec 
Phvsik, 1926; R. T. Glazebrook, A Dictionary of 
Applied Physics, vol. 4, 1923. 


and 


focal length of objective 
focal length of eyepiece 


(2) 


Af = 


diametei of objective 

diameter of image of objective in image plane 


( 3 ) 


Fcpiation (2) shows that a long-focal-length objec- 
tive and a shorl-focal-length evepiece are e«»ential 
for high magnific ation Equation ( 3 ) indicates the 
most direct method for measuring the magnifica- 
tion of a telescope and eyepiece. 

Resolving power. An upper limit to the <i«eful 
magnifying power for visual observations is en- 
forced by the wave nature of light. Under certain 
ci'-sumptions, the smallest angular separation 
^ measured in radians) of two stars that can be 
formed into separate images by a telescope is 


Telescope, astronomical 

\ combination of lense«. and mirrors, intended to 
form real images of extremely distant objwts. A 
telescope may be only a single converging lens or 
mirror, but it is more usually made “P se^f* 
mirrors and lenses. The objects studied, sue as 
''tars and planets, are so remote that astronomica 
telescopes are always designed as though the is- 
tames were actually infinite; thia results in con 


a - 1.22 k/D (4) 

where k is the wavelength of the light used for the’ 
observation, and D is the diameter of the objective. 
Equation (4) shows that the mininuim observable 
angular separation decreases as the diameter of 
the objective increases. This angle ia often called 
the resolving power of a telescope, with the iind«r- 
standing that high resolving power means a amall 






Fig. 1. Single-lens refracting telescope. 


observable angle of separation. The smallest angu- 
lar separation of two objects just viewed as distinct 
by an average human eye is about 1 minute of arc. 
The angle a in Eq. (4) must be magnified by a 
suitable eyepiece to this value if the eye is to see 
the smallest detail. 

Linear separation. For most nonvisual observa- 
tion, the linear separation of the star images in 
the focal plane of the telescope is an important 
quantity. The linear separation of the images of 
the two stars A and B is equal to the product of 
the effective focal length of the obiective and the 
angular distance (in radians) between the stars as 
viewed in the sky. Because the angular separations 
of stars can be measured in other v\ays, the meas- 
urement of the linear separation of stai images in 
the focal plane of the telescope leads directly to a 
determination of the effective focal length of the 
objective. The linear distance that (orresponds to 
the minimum observable angular separation fol- 
lows from Eq. (4) 

Linear resolution =* Fa = 1 22 A (f//)) (S) 

The ratio of the focal length of a telescope objec- 
tive to its diameter F m known as the Un al ratio 
A large linear scale for a given resolving power 
can be obtained only with a large foe al length. 

In addition to its important function in deter- 
mining the angulai positions of the stars, a tele- 
scope increases the contrast of astronomical ob- 
jects with their sky background to a point at lyhich 
they can be recorded. For example, with a tele- 
scope, stars are easily visible in full daylight 

Many different combinations of optical and me- 
chanical elements have been tried in attempts to 
perfect the accuracy of the angular resolution, 
which depends mainly on the sharpness of a single 
star image; and to increase the speed of photo- 
graphic registration, which depends mainly on the 
focal ratio. 

Seven inherent aberrations that affect the defini- 
tion (or sharpness), position, and contrast of the 
image are the five monochromatic aberrations — 
spherical, comatic, astigmatic, curvature of field, 
and distortion; and the two chromatic aberrations 


longitudinal and lateral i&ee Aberration, opti- 
cal) These play important roles in the develop- 
ment of the many types of telescopes It is impossi- 
hie to build a telesciipe that is completely free 
from all aberrations; the different forms of tele 
scopes represent (ompromises to suit the parluu 
lar problem at hand. 

Refracting telescope. A single-lens telescope is 
generally satisfactory for astronomical observation 
if monochromatic light is used, if the ratio of focal 
length to diameter of the objective is LS or larger 
and if the angular field of view is less than 1°. The 
coronagraph is a special astronomical telescope 
that uses a single-element lens (see Coronagraph) 

Most objectives in lefrading or dioptric tele 
scopes aie composed of two lenses, a bu^nvex and 
a concave, manufactured from glasses so (hosen 
that refraction is obtained with the least possible 
dispersion (Fig 2) This construction is the sirn 
plest on^ that produces considerable coirection of 
the chromatic aberrations of a single lens, but even 
the best of two-lens systems show colored fringes 
aioiind the images. The two-lens objectives can 
have focal ratios less than 15 and tolerably good 
angular fields of about l'^ 

In general, useful images can be obtained over 
larger and larger fields, for smaller and smaller 
focal ratios, as the numbei of lenses in the tele- 
scope objective is increased. Objectives with four 
components are fairly common. At focal ratios in 
the range 5-7, these objectives form usable star 
images over fields 15® in diameter, but critically 
shaip definition can be obtained only within the 
central 5°. Still more complicated lens system*^ 
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Fig. 2. Achromatic telescope objectives. 
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* ||efl«ctin§ teiggcope. The reflector, or catoptric, 
telescope can be arranged variously (Fig. 3). Al- 
though the catoptric telescope is the most popular 
tvpe because of its perfect achromatism, it exhibiu 
large amounts of other aberrations. 

A miiYur composed of a glass disk, with one con- 
cave spherical surface on which a thin, highly re- 
flecting coating is plated, is satisfactory as a tele- 
scope for focal ratios greater than 30 and fields of 
view less than 1°. If the concave reflecting surface 
is, a paraboloid of revolution, perfect stellar images 
are obtained on the optical axis, but they deterio- 
rate rapidly for a wide angular field. The single 
loncavc-mirror telescope that forma its images in 
the center of the incoming beam of radiation is the 
tvpe used for the large, steerable, radio telescopes 
with mirror diameters of .30 meters or more. 

Because the reflecting telescope returns the 
beam of incident radiation to a focus within the 
telescope tube, special design is required to make 
the image accessible. Small-sized receivers that do 
not obstruct the field of view may be constructed. 
Tilling the mirror to divert the converging beam to 
a focal point near one side of the telescope tube 
tnav he an alternative if the diameter of the mirror 
is moderate and its focal ratio is large. A plane 
mirror placed diagonally in the center of the tele- 
scope tube to divert the beam to one side obstructs 
a small part of the radiation that would otherwise 
fall on the main mirror, but it does not change the 
optical performance significantly. 

Concave or convex mirrors, called secondaries, 
are often used with annular primary mirrors. After 
reflection at the .secondary, the light rays again 
travel along the central axis of the telescope tube, 
emerging through the hole in the primary mirror 
to an accessible focal plane at the rear of the telc- 
-copc. In the Brachyt form, both the primary and 





Fig. 4. Catoptric telescopes with extended fields, 
(a) Schwarzschild. (b) Chr6tien. 


secondary mirrorsS are tilted slightly with respect 
to the light beam. The angle.s of incidence and the 
hgure.s of the mirrors can be chosen ho that excel- 
lent definition is obtained over a small held. 

Reflecting telescopes have reflecting surfaces 
that are of simple form.**: spheres, spheroids, pa- 
raboloids, hyperboloids, or planes. The use of these 
surfaces restricts the angular field of gootf stellar 
images. Two-mirror systems using more compli- 
cated surfaces have been constructed to increase 
the size of the field of view, two types being shown 
in Fig. 4. The focal plane of the Schwarzschild 
telescope is nearly flat, and the region of good defi- 
nition comprises 3°. The most suitable focal ratio 
is .S or 4. The focal plane in the Chretien telescope 
i.s strongly curved and a plateholder of special de- 
sign must be used, but this is easily accessible. 
The Chretien telescoj^e is short, although focal ra- 
tios of 6-8 are employed. 

Refracting-reflecting telescopes. Refractors 
and reflectors have a number of complementary 



• 

Rq. 3. Usual forms of reflecting telescopes, (o) Prime 
focus, (b) Herschelion. (c) Newtonion. W) Cossegrolnian. 
(.) Gregorian, if) Brochyt. 


characteristics, and combinations of the two have 
resulted in some noteworthy astronomical tele- 
scopes. Generally, the mirror objective is reUined 
because of its perfect achromatism. The only seri- 
ous outstanding aberration of the paraboloidal pri- 
mary mirror is coma, an aberration that increases 
with distance from the optical axis and inversely 
with the focal ratio. There is a large family of lens 
systems that will eliminate the imaging errors of 
jiaraboloidal, or spherical, mirrors without the in- 
troduction of other errors in any serious degree. 
The lens-mirror systems are , called catadloptric 

(Fig. 5). 

Reflector with coma correction. The usable field^ 
of a paraboloidal mirror can be increased by the* 
addition o# a system of coma-cxjrrecting lenses near 
the focus. The largest reflecting astronomical tele- 
scopes are equipped with this kind of corrector. 
Some chromatic and other aberrations are. infro- 
duced by the correctors, but these are negUgihle 
compared to the gain in field. 





Fig. 5. Raflecting-refracting telescopes, (o) Prime focus 
reflector with coma-correcting lens, (b) Schmidt tele- 
scope. (c) Maksutov telescope. 


An interesting catadioptric telescope ran be 
made by forming a reflecting c^oating on one sur- 
face of a properly figured thick lens, thus achieving 
protection for the fragile reflecting films, but the 
moat satisfactory combinations are thone in which 
the correcting lens is placed in fiont of the main 
mirror at about one or two focal distances. Two 
families of instruments of this sort are the Schmidt 
and Maksutov telescopes. 

Schmidt telescope, A Schmidt telescope has a 
spherical primary mirror that looks through a thin 
correcting plate placed at twice the focal length of 
the primary. Near its center, the correcting plate 
acts as a weak converging lens; near its outer edge, 
it behaves as a weak diverging lens. The radius of 
curvature of the focal plane is equal to the focal 
length of the primary mirror, and a sharply focused 
field of much greater extent than that of the pa- 
raboloidal telescope is obtained. Fields of 15° at 
focal ratios of 1.5 are easily possible with Schmidt 
systems (see Schmidt camera). 

Maksutov telescope, A similar correction of the 
principal defects of the paraboloidal reflector can 
be obtained by replacing the thin Schmidt correct- 
ing plate with a weakly diverging meniscus lens. 
The relatively thick meniscus lens, like the Schmidt 
correcting plate, is nearly achromatic. 

The practice of introducing lens aberrations of 
just the right type into a reflecting telescope for 
later correction by the primary mirror is widely 
applicable and it can be adapted to all of the ca- 
toptric telescopes. The catadioptric instruments 
are designed to provide wide angular fields of 
nearly perfect images* at low values of the focal 
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Comptrlioo of teleiOOpM. In osneral, rcfrac. 
tors are more permanent than reflectors, and offer 
easier control of stray light. The permanence of the 
refractor is necessary in programs ^at require a 
century or so for their completion (proper-motion 
studies, positional astronomy). The control of stray 
light is extremely important in all work where the 
highest contrast is required (solar investigations 
planetary, and lunar studies). However, the maxi' 
mum size of the refracting telescope is limited bv 
the tolerable absorption in the lenses as they be- 
come thicker with increase in diameter, and by the 
prac'tical difficulty of producing large disks of 
glass with few flaws. The 1-meter-aperture refrac 
tor of the Yerkes Observatory of the University of 
Chicago is near the upper limit of size. 

Reflecting telescopes are inherently achromatu 
and may be constructed in large sizes. Glass dlsk^ 
can be cast in large diameters; the difficulties of 
transportation to the telescope site set the practi- 
cal limit of size. Paraboloidal metallic reflectors 
for radio telescopes may be assembled in the in 
strument and can have apertures of some 100 me 
ters or more. Giant telescopes of this kind are 
important primarily for the collection and conten- 
tration of energy from faint objects. Catadioptiu 
telescopes combine the advantage of large sue 
with othei valuable characteristics. 

Limitations. The primary goal of all astronomi- 
cal telescope systems is the imaging of celestial oh 
jects as precisely as possible. A perfect optical *»ys 
tern must be mounted so that the desired part of 
the sky can be observed and. in most cases, fol 
lowed automatically. Although such provision has 
been made, it will be found that the ultimate limit 
to the pjprformance of telescopes is established b\ 
the turbulence of Earth’s atmosphere. Tf this were 
not so, the 5-meter Mount Palomar telescope would 
reveal the disks of several stars othei than the Sun 

The elimination of the effects of atmospheric tur 
bulence is necessary for the perfection of tele 
scopic observations, and two methods have been 
proposed. The first is the obvious solution, consist 
ing in removing the telescope to a site outside the 
atmosphere by balloon, rocket, or satellite. The 
second is a solution in terms of correcting the op 
tical path within the telescope to compensate for 
atmospheric iphomogeneities. These are the direc- 
tions indicated for the development of the telescope 
of the future. See Astronomical instruments, 
Spfctrohelioscope. [r.r.m ] 

Bibliography: G. Z. Dimitroff and J. G. Baker, 
Telescopes arid Accessories^ 1945; A. G. Ingalb 
(ed.). Amateur Telescope Makings pts. 1-2, 4th 
ed., 1941; pt. 3, 1953; H. C. King, The History of 
the Telescope, 1955. 


Telestacea 

An order of the subclass Alcyonaria. Telestacea 
are typified by Telesto which forms an 
branching colony by lateral budding from the body 


ot an elongated pninat^ or aiAal p6lyp Xhe 
stolon fe bandlike oi membranous. Solerites are 
scattered singly, partly iused, or entirely iused to 
form a rigid tube. See Alcyonaria. [k. atoda] 

Teletypesetter 

A system for automatically operating a linecasting 
machine (Linotype or Intertype) to produce lines 
of type at high speed under the control of perfo- 
rated tape. Basically, this system consists of sepa- 
rating the complex manual operation of a line- 
casting machine into two simple operations and 
making one of them fully automatic under the 
control of perforated tape. 

The perforated tape is produced on a Teletype- 
better perforator, which has a keyboard layout sim- 
ilar to a typewriter, plus additional keys to control 
the various functions of the linecasting machine. 
A tape-punch mechanism perforates combinations 
containing one to six holes (plus a tape-feed hole) 
in the tape each time a key is depressed. The per- 
forator has a top speed of 900 key strokes per min- 
ute. The average operator can easily produce 400 
or more lines per hour of 511»- to 9-point type for 
a 12-pica column width. Sec Composition (type). 

A counting mechanism in the tape perforator au- 
tomatically counts each character in proportion to 
its width, and the accumulative total is shown on 
an indicator scale. This scale clearly shows the con- 
dition of the line being composed and tells the op- 
erator when the line will justify. Corrections in the 
tape are made by backspacing and using the rub- 
out key to delete a letter, word, or line as re- 
quired. 

The perforated tape controls the Telctypesetter 
operating unit, which is attached to the linecasting 
machine keyboard. Thus the linecasting machine is 
fully automatic under the control of perforated 
tape produced on the perforator. Production of 
type is increased by 100-200% over that obtaina- 
ble by direct normal keyboard operation. 

As the tape runs through the operating unit, a 
mechanism “senses” the code perforations in the 
tape and translates them into lever movements, 
which cause matrices and spacebands to drop and 
the assembling elevator to rise when a line is com- 
pleted. Perforations in the tape also control other 
linecasting machine functions, such as the selec- 
tion of matrices in either the regular or auxiliary 
positions, magazine shift on mixer machines, quad- 
der operation, recast slugs, and the insertion of 
rules during the setting of type for classified ads. 
Electric circuits are included in the operating unit 
to interoperate with linecasting machine safeties, 
so that the operating unit stops instantly if a me- 
chanical failure occurs. 

Teletypesetter equipment is used by most daily 
snd weekly newspapers and by many commercial 
shops throughout the world. By supplementing 
Teletypesctting equipment with Teletype sending 
and receiving equipment operating over special 
long-distance telegraph circuits, the perforate 
tape can be used to produce type automatically in 


Ptv«ing pUxiks xVawii^ui Aw 

and Tftetypesetler eqat|nninit to 
troMmit tape in justified-liae fom to moeciof flw 
aa«y newspapers in the United States. 5e« Tels- 

TYPEWRITE*. [v. f,. vAncHAM, J*.] 

Teletypewriter 


An electromechanical device used for transmitting 
and receiving messages over a telegraph circuit. It 
IS also called a teleprinter. A sending and receiving 
teletypewriter performs two functions: the key- 
board transmitter generates coded electrical sig- 
nals for transmission over a telegraph circuit, and 
the typing unit converts such .signals into a printed 
message. 

A page teletypewriter (Fig. 2) prints a message 
m page form, usually on a continuous roll of paper 
8 14 in- wide. 



Fig. 1. Tape teletypewriter. 



Fig. 2. Page teletypewriter. 

Baudot coda. The Baudot code used in printing 
telegraphy, consists of five code pulses, any one of 
which may be either marking or spacing. In single- 
current signals used for operating most tdetype- 
writers. a marking pulse is an iiiteiyl of time 
during which curi-ent flows through die circu^, and 
a spacing pulse is an interval during which Ho 



Fig. 3. Five-unit start-stop telegraph code, 7-unit code 
pattern. This code pulse combination is for the letter F. 


rent flows. In polar signals, frequently used over 
long lines, a marking pulse is an interval during 
which negative current flows, and a spacing pulse is 
an interval during which positive current flows. 

When the Baudot code is used to operate tele- 
typewriters, the five code pulses are preceded by a 
start pulse, which is always a spacing pulse, and 
are followed by a rest, or stop, pulse, which is al- 
ways a marking pulse. See Fig. 3. 

There are 32 possible combinations of the five 
code pulses. One combination is assigned to each 
of the 26 letters of the alphabet. The blank combi- 
nation. in which all five code pul'^es are spacing, is 
not normally used. The remaining five combinations 
are used for the following functions: (1) figures 
shift, which causes the typing unit to shift to a 
position to print digits or punctuation marks; 
(2) letters .shift, whith shifts the tvping unit a 
position to print letters; (3) carriage leturn, 
which causes the printing carriage to retiiin from 
the right margin to the left margin at the end of a 
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Fig. 4. Page teletypewriter code assignments. The 
upper-case arrongement shown is one of many com- 
monly used versions. 


printed line; (4) line feed, which fgeds the pager 
up one line after a line has been printed* 
space, which causes the typing unit to ’space 
between words. See Fig, 4. 

Since only 26 code combinations are available 
for printing in each of the two shift positions, both 
capital and lower-case letters cannot be used. The 
upper-case position is reserved for the 10 digits 
punctuation marks, and commonly used symbols 
One upper-case combination is used for operatinir 
an audible (bell) signal. 

Operation. An electric motor provides power for 
operating the keyboard and typing unit. The motor 
is geared to driving members of clutches on the 
keyboard shaft and on the receiving shaft of the 
typing unit. When a key lever is depressed, five 
code bars are positioned to the right or left (mark- 
ing or spacing position) in a pattern correspond- 
ing to the code combination for the character or 
function represented by the depressed key lever. A 
universal bar, operated when any key lever is de- 
pressed, actuates a cliilch-release mechanism which 
causes the keyboard clutch to engage and allow a 
cam sleeve assembly on the keyboard transmitting 
shaft to start rotating. During this rotation, six 
cams operate contacts in sequence to generate the 
stait-stop signals. The contacts close to generate 
a marking pulse and are prevented from closing to 
generate a spacing pulse. One of these transmitting 
earns generates the start and rest pulses. The other 
five earns generate the code pulses rorresponding 
to the selected eharaeler. At the end of the revolu- 
tion of the cam sleeve, the transmitting clutch i^ 
disengaged, and the cam sleeve remains at rest 
until a key lever is again depressed. 

The start-stop telegraph signals are received b\ 
an electiomagnet on the typing unit. When current 
flows tl^iigh the magnet coils (marking pulse) 
the armatuie is attracted to the pole piece of the 
magnet. When no current flows through the coil 
(spacing pulse), a spring pulls the armatuie awa\ 
from the pole piece. When a start pulse is received, 
the armature is pulled away from the pole piece 
This releases the receiving selector clutch, which 
then drives a cam sleeve assembly on the receiving 
shaft. As this assembly rotates, five selector cams 
sequentially position mechanical members on the 
typing unit either to the marking or spacing posi- 
tion, depending on the position of the armature at 
the time each selection is made. After the five code 
selections have been set up, a sixth pulse on the 
earn sleeve trips another clutch which drives the 
meehani.sm for printing or performing the selected 
function. The character printed or the function 
performed is determined by the code combination 
set up in the selector mechanism. 

Shortly after the fifth code selection is set up, the 
receiving cam sleeve assembly returns to its rwt 
position, and the receiving selector clutch is 
engaged. The cam assembly stops rotating and re- 
mains at rest until the next start pulse is received. 
The receiving shaft rotates faster than the trans- 
mitting shaft, the most common speed ratios being 
8:7 and 13:12. The receiving shaft makes one rev- 




Ittiion and returns to its home position while the 
® j poise is being received. Therefore, the re- 
cciviflg abaft always comes to rest briefly at the 
of a revolution. This ensures that the receiving 
jplgtypewritcr always begins each operation in 
synchronism with the transmitting unit. This start- 
sjgp gynchronization prevents accumulation of any 
^inor speed differences between the sending and 
receiving machines. 

Only a small portion of each pulse length is re- 
quired to set up a selection. The remaining length 
of each pulse provides an operating margin to en- 
sure correct printing even when the received sig- 
nals arc distorted in transmission. A device called 
a range scale allows the instants of selection to be 
oriented with respect to the received signals so that 
the selections will occur in the middle of each code 
puKc, even when the signals are badly distorted. 

The ASCII Code. On June 17, 1%3, the Ameiican 


Hi^-speed teletypewriter equipment for 
“I® services. Tram. AIEE, 7S(1) :8B-93, 

^54; F. W. Smith, Modern high-speed tfdeprfnters, 
fTestern Union Tech, Rev., 9(2):77-«2, 9(3): 
110-115, 1955; F. W. Smith, Transmission spee^ 
and pulse lengths of commonly used five-unit slart- 
‘»top printing telegraph codes, JT estern Union 
Tech, Rev,, vol. 11. no. 4, 1957; F. W. Smith, 
New American standard code for information inter- 
change, W estern Union Tech. Rev., vol. 18, no. 2, 
April, 1964. 

Teletypewriter exchange (TWX) service 

A teletypewritei exchange ser\iie provided to 
approximately 60,000 suhscribers in the continen- 
\d\ llniled Slates, except Alaska The service is 
furnished by the telephone companies and is com- 
parable to telephone service in that any of its 
subscribers can lommunicate dii ctly with any 


standards Association adopted a new American 
standard Code for Information Interchange 
( \SCI1 ) . The code consists of seven code pulses, 
(»r “bits,” instead of five, as in the Baudot code. 
There aie thus 2^ or 128, distrele peimutations 
u( the seven bits in the code. Sixty-four of these 
peimutations arc assigned to printing cbaiaitcis, 
and the remainder are either imassigncd ot as- 
signed to nonprinting ( oiitrol c haracters. 

Teletypewriters whuh use the ucw ASC’TI lodc 
aic already commcuially available These units 
operate on the same basic principles as conven- 
tional 5-nnil code telclYpcwnteis, but the new 
I ode eliminates iht need for lettcus and figuic's 
^llI ft functions. 

('unenllv available teletypewriters dcsignc‘cl for 
use with the new code all have an added bit, of 
“intelligence” pulse, foi use as an e\en vertical 
I)drit\ check bit, that is, if the ASC.H character 
ji[enerdted contains an odd niinibci ot marking 
pulst‘s, the eighth pulse is made a marking pulse 
Converselv, if the ASCII character contains an 
even number of maiking pulses, the eight pulse is 


made a spacing pulse. This feature permits crrois 
to lie delected by means of auxtliaiy eciuipment clc-- 
v^igned to detect parity failures. At present, thcic 
are no teletypewriters available which will detect 
receipt of a character containing an odd number o 
marking pulses and print an erroi svmbol to in- 
dicate parity check failure, but such units wil no 


doubt be developed m the future. 

The ASCII-code teletypewritei s now in use all 
have a unit-length start pulse and a 2-unii length 
rest pulse. With the seven intelligence pulses in 
ASCII plus the vertical parity check puKe, this 
gives an 11 -unit transmission pattein; that is, eac 
character transmitted consists of the equiva cm c» 
11 unit-length pulses. See Tellge vphv ; Tfle- 

TYPEWRITER EXCHANGE (T^X) SERVICE, J ' 

[j-. W. SMITH I 

Bibliography: American Standards Association, 
Inc., American Standard Code for Inform 
Interchange, X3.4, 1%3; A. S. *7 

W. J. Zenner, A step forward in ptmting 
W. AIEE, 73(1) aws. 1M4; C E. Sd.«l- 


other subsfi ihei .See Tn M \ CF WRi rKR. 

Alter Minnections aio established, the sub- 
srnhcis use their keyboards and prinlc*rs to com- 
municate directh with cacli olhei on a c'hitchat 
basis. Altci natively, at stations whene the tele- 
tvpcwiilei includes a tape unit, tiansmission mav 
he fiom punched pa|)cr tape jneparc'd in advance. 
Also available aie confcieiue seivicc, providing 
simultan**ous connection c)f a mimhcT of stations, 
and unattended service, which permits receipt of 
cornmiinicdlions when the receiving teletypewriter 
IS unalti*ndc*d. 

TWX Stations dial thcii calls ovei the tele- 
{ilionc' direct distance dialing (Ul)D) network. The 
TWX swittliing plan involves almost 900 central 
offices, seiving as switching centeis for TWX 
stations (lulls die handlc'd in muc'h the same 
maiinei as teleiihone c alls exc cpt that two-way 
voice communication (with telephone stations or 
other TWX stations) is not possible because of 
the me liision of tianow band tiiinks in the switch- 
ing plan These trunks peiinit the simultaneous 
tiansmission between major switching centers of 
six TWX calls on a single four-wiie voice-grade 

( hanncL , . n n 

Assistance, ccdlccl, conference, and Minilar calls 

are handled at operator-attended 9witchboard<t, 
whuh arc located at 16 operating centeri through- 
out the United States. There is one information 
center, which is located in .St. I ouis. All ec.mmuni- 
f alien with TWX operators is by means of the 

teletyice writer. ,... 4 , j 

Automatic message accounting (AM A) recoraa 
of dll tails are kept on equipment similar to that 

used for telephone DDD calling. 

The originating station sends its data signals 
in the Fi band (1170 ± 100 cps) and receives in 
the Fi band (212.S ± 100 cps). The called static^ 
sends in the F 2 band and receives in the Fi band. 
The switch from calling to called modes is auto- 

™Most stations employ conventional thrw-row- 
keyboard teletypewriters and operate' at 60 
per minute (wpm). Since the conversion to dW 
operation in 1962, an increasing portion of Ae 



{iHir*row-keyboard teletypewriters 
at 100 wpm. The three-row tclelypc- 
a five-element Baudot code and 
^ two fihlfts to obtain the required letters, 
ilUinn^tla/aiid control. The four-row teletypewriters 
nlil^ a aeven-element code and have a type- 
Writ^iike keyboard with no shifts required be- 
tween letters and numerals. 

Co4e and speed compatibility between the three- 
row and four-row stations is achieved by means of 
converters, automatically switched into the connec- 
tion when required. In transmissions from a 100- 
wpm station to a 60-wpm station, the converters 
will store up to about 20 characters and then 
restrain transmission until storage is nearly de- 
pleted, the process being continually repeated. 

Because a receiving TWX station must be able to 
send a ‘‘break” (or stop) signal while the other 
station is sending, and because continual circuit 
assurance during the transmission of a message is 
desirable, all echo suppressors in the DDD net- 
work have been modified to include a disabler. It 
operates only when the energy in the teletypewriter 
frequency bands is sufficiently in excess ^of the 
energy in the voice band outside of the teletype- 
writer bands for 350 milliseconds. 

A maintenance innovation provided at the time 
that TWX service was converted to dial operation 
is the automatic test line (ATL). This central- 
office equipment permits one-man testing of the 
over-all operation of a TWX station by providing 
test signals and monitoring of test transmissions. 

TELEX, comparable to TWX service in the 
United States, is provided in many other countries, 
principally in Europe. In 1962, Western Union 


initiated TELEX in the United . Silttes. in ^ 
petition with TWX. The principal differences 
tween TWX and TELEX are that charges am 
different, that all TELEX machine ipeeds are 66 
wpm, and that some keyboard characters arc not 
the same; the numerals, alphabet, ajud most com- 
monly used punctuation marks are thie same. TWX 
subscribers may communicate with foreign TELEX 
subscribers through the international common 
carriers which provide suitable speed and code 
conversion equipment at their gateway Io9ation8 
See Telegraphy; Telex. ( v. n. vauchan, jr.] 

Television 

The electrical transmission and reception of tran- 
sient visual images. Like motion pictures, television 
consists of a series of successive images, which arc 
registered on the brain as a continuous picture be- 
cause of the persistence of vision. Each visual 
image impressed on the eye persists for a frac- 
tion of a second. In television in the United States. 
30 complete pictures >are transmitted each second, 
which with the use ot interlaced scanning is fast 
tmough to avoid evident flicker. 

At the television transmitter, minute portions of 
a scene are sampled individually for brightness 
(and color for color television) and the informa- 
tion for each portion is transmitted consecutively. 
At the receiver, each portion is reproduced in its 
proper position and with correct brightness (and 
color) to reproduce the original scene. 

The scene at the transmitter is focused on a 
photoelectric screen of a camera tube. Each por- 
tion of the screen is changed by the photoelectrons 
to a degree depending upon the brighti^ss of the 



Fig. 1. A television system. (From K. Henney, ecf.. Radio Engineering Handbook, 5th ed„ McGraw^HiU, 1959) 





^cular p«»tlion. The Bcnen is scaimed by an 
electro® heain just as a reader scans a page of 
printed type, character by character, line by line, 
fhen so scanned, an electric cunrent flows with 
,n instantaneous magnitude proportional to the 
brightness of the portion scanned. See Television 

( 4MERA TUBE, 

Variations in the current are transmitted to the 
refcivcr, where the process is reversed. An electron 
beam in the picture tube is varied in intensity 
(modulated) by the incoming signals as it scans 
the picture-tube screen in synchronism with the 
^canning at the transmitter. The photoelectric aur- 
face of the picture tube produces light in proper- 
lion to the intensity of the electron beam which 
Strikes it. In this way the minute portions of the 
original scene arc recreated in their proper posi- 
tions, brightness, and (for color transmission) color 
values. The elements of a television system are 
shown in Fig. 1. For more detailed discussion, see 
Television receiver; Television transmitter. 

In the United States an individual picture 
(frame) is considered to be made up of ,S25 lines, 
each line containing several hundred picture ele- 
ments. All these lines are scanned and the light 
values are sent to the receiver in Mio sec so that 
each second 30 pictures are received. These figures 
vary from nation to nation. The picture is blanked 
out at the end of each line while the scanning beam 
IS directed to the next line. During these short in- 
tervals, synchroniMng signals are tiansmitted to 
keep the scanning process at the leceivei in step 
with that at the transmitter. 

Scanning. To take full advantage of the persist- 
ence of vision, each frame is scanned twice with 
alternate lines being scanned in turn. This tech- 
nique is called interlaced scanning. 

Since 52.S horizontal lines are scanned in 
sec, the horizontal scanning rale for black and 
white pictures is IS, 750 times per second. Since 
two vertical fields are scanned in sec, the verti- 
cal scanning rate is 60 times per second .SVe Tele- 
vision scanning. 

Bandwidth. The bandwidth required for any in- 
formation transmission system is a function of tlu* 
number of bits of information, or the detail, to b** 
transmitted per second. For a television picture, 
the greatest detail would be required if the picture 
consisted of a checkerboard pattern of the smallest 
squares the system must handle to provide accept- 
able resolution. The standard of 525 lines sets the 
vertical detail and the standard aspect ratio (pic- 
ture width to height) of % requires 700 horizontal 
picture elements for equal horizontal an^ vertical 
resolution, or 350 sets of alternate black and white 
squares. The picture is reproduced 30 times a 
second, for a total of 525 X .350 X 30 or 5.512,500 
complete cycles per second. Less detail than this is 
actually transmitted and received ; the highest video 
frequency actually transmitted is 4.2 Me. See Band- 
width REQUIREMENTS (COMMUNICATIONS) . ♦ 

Fraquancy. The band of frequencies assigned to 
a television station for the transmission of syn- 
chroniEed picture and sound signals is called a 
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Itolevisim chaond. In the United States a television 
t^iasncl is 6 Me wide^ with the visual carrier fre- 
quency 1.25 Me above the lower edge of the band 
end the aural carrier 0.25 Me below the upper edge 
of the band. 

Television channels in the United States are 
identified by numbers, starting with channel 2. The 
frequency assigned to channel 1 was later reas- 
signed to other uses. The table shows that these 
channels are in three frequency bands. Channels 
2-6 occupy the region from 54 to 88 Me, channels 
7-13 are from 174 to 216 Mo, and channels 14-^3 
are from 470 to 890 Mo. The first two groups of 
channels fall in the very high frequency (vhf) 
band; the channels in the last group are in the 
ultrahigh frequency (uhf) band. 

Sound transmission. In the United States, the 
sound portion of the program is transmitted by fre- 
quency modulation at a carrier frequency 4.5 Me 
above the picture carrier. Maximum freiiuency 
deviation (bandwidth) of the sound signal is 25 
kilocycles (kc). 

The normal frequency response is altered in the 
transmitter to emphasize the higher audio-fre- 
quencies with respect to the lower frequencies. 
Called preemphasis, this h accomplished by a cir- 
cuit that causes the audio response to increase with 
frequency. A corresponding circuit is used in the 
receiver to produce an equal and opposite decrease 
of response to higher audio- frequencies. By so 
doing, noise produced in the receiver is attenuated 
without the over-all system audio-frequency re- 
sponse being affected. The Federal Communica- 
tions Commission (FCC) requires that the response 
of the aural transmitting system must nut exceed 
the limits shown in Fig. 2. 

The harmonic distortion of the audio-frequency 
signals must not exceed the following rms values 
when the harmonics are measured out to .HO kc : 


Frequency range, cps 


50-100 

100-7500 

7500-15,000 


% Distortion 

3.5 

2.5 
3.0 


Picturt transmission. The visual signals are 
transmitted at a carrier frequency 1.25 Me above 
the lower limit of the channel, using amplitude 
modulation and vestigial sideband transmission 
{see Amplitude modulation). The upper side- 
band is fully transmitted, but the lower sideband 
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Fig. 3. Output characteristic of a television trans- 
mitter. (From K, Honnoy, od.. Radio Engineering Hand-" 
book, ffh ed„ MeGraw-HiH, 1959) 


is attenuated beginning at 0.5 Me below the car. 
rier. Attenuation is virtually complete at 1,25 Me 
below the carrier. This method of transmission re- 
duces the required bandwidth of the channel and 
allows more channels to use the available space in 
the radio spectrum. Figure 3 is an output char- 
acteristic of a transmitter for a channel 2 station 
showing how the 6-Mc band is used for picture and 
sound transmission. 

Negative modulation for picture transmission is 
used in the United States to minimize the effects of 
noise during synchronizing signal reception. In 
negative modulation an increase in brightness 
causes a decrease in transmitted power. Some for. 
eign systems use positive modulation. 

Ghost image. Radio waves from a transmitter to 
a receiver normally follow a straight path. How- 
ever, it is possible for such waves also to follow a 
longer path, by reflections from large objects, such 
as mountains or buildings. The reflected waves 
arrive later than the direct waves, so a second pic- 
ture is reproduced froijp a fraction of an inch to 
several inches to the right, depending on the length 
of the indirect path. The second picture is called 
a ghost image. There may be several such ghosts 
when reflecting objects are in an area. 

Snow. Noise voltages are produced in the input 
circuits of all radio receivers by thermal agitation 
in wires and by the uneven flow of vacuum tube 
currents. When the signals from a television trans- 
mitter are too weak to overcome this noise, it pro- 
duces a display that looks like and is often called 
snow. 

Scrambling of television signals. If the synchro- 
nizing signals are caused to vary at raffdom but 
predetermined rates, the signal is unusable in con- 
ventional receivers. Special receivers may contain 
unscrambling devices which, by a specially trans- 
mitted signal or a built-in keyer, cause the receiver 
to synchronize and produce normal pictures. Scram- 
bling devices were developed for paid television, 
sometimes called tollevision, to prevent reception 
by anyone but a subscriber. See Closed-circuit 
TELEVISION. 

Recording television programs. Television pro- 
grams are recorded for rebroadcasl at a later time 
and for many other reasons. There are two prin- 
cipal methods: kinescope and tape recording. 

Kinescope recording. In this method the images 
produced on a television picture tube are photo- 
graphed on motion picture film. Also known as 
video recording and teletranscriptions, this tech- 
nique is highly developed and is relatively inex- 
pensive. It is used for various purposes, including 
delayed broadcasting, syndication, record purposes, 
and future production planning. A processed nega- 
tive may be used for immediate transmission by 
reversal of circuit polarity and other changes in a 
scanning system. 

Video tape recording. In this technique television 
sound and pictures are recorded on magnetic tap®. 
Electrical signals constituting the sound and pic- 
ture pass through magnetic recording heads. As 




the tape » «ow>m dune head* at a q)eed of 
15 the signal currents produce magnetiza* 
jjo„ of finely powdered iron in the tape emulsion. 
The signals are recovered when the magnetized 
tape is drawn across a reproducing head and the 
magnetic fields intercept a pickup coil. 

Video tope recording (VTR) has the great ad- 
vantage that it may be used immediately without 
further procrasing, and the tape may be erased by 
demagnetization and reused. It is of unique value 
for prerecording programs, reruns, special events 
coverage, test programs, and delayed program 
transmission for different network station time 
zones. 

The tape consists of a coated plastic base 2 in. 
wide. A 12l4-in. reel provides 64 min of program 
time. Prior to recording, the video signal frequency 
modulates a carrier of from 4.25 to 5.9 Me. A ves- 
tigial sideband signal is recorded on transver«>e 
tracks 0.010 in. wide by means of four magnetic 
heads equally displaced on the circumference of a 
2-in. wheel rotating 14,400 times per second. About 
18.4 scanning lines are recorded on each transverse 
track. One picture frame (525 lines) comprises 32 
transverse tracks or % in. of tape length. The 
ji companying sound and control signals are re- 
(orded on separate longitudinal tracks by means 
of separate recording heads. Tn reproduction the 
FM signal is recovered from the tape and demodu- 
lated. 

Grades of television service. The FCC has es- 

lahlished by definition two grades of television 
srrviie for the United States. Grade A service pro- 
vidc'^ relatively high freedom from interference 
fiom other television stations and also good free- 
dom from man-made and receiver noise. It specific*^ 
that picture quality acceptable to a median oh- 
‘server is expected to be available at least 90 of 
the time at the 70% of all receiver locations 
at the outer geographical limits of this service. 
(»rade B service recognizes that service is piovided 
but may be more vulnerable to interfew "ce and 
noise. It specifies that equal service is available, 
hut to only 50% of all receiver locations at the 
limiting distance. For other aspects of television 
Color television; Television network; 
Tj-i.ivision standards; Television studio. 

[R. I. GUY I 

Bibliography: A. Abramson, Electronic Motion 
Pictures, 1955; H. A. Chinn, Status of video tape 
in broadcasting, /. Soc. Motion Picture Television 
Engs, 84:453 458, 1957; D. G. Fink (ed.), Tele- 
vision Engineeting Handbook, 1957; C. P. Gins- 
Video tape recorder design, /. Soc, Motion 
Picture Television Engs, April 1957, K. Henncy 
fed.). Radio Engineering Handbook, 5lh ed., 1959. 

Television camera 

The television camera and its auxiliary apparatus, 
required to translate the optical image of the scene 
being televised into a video signal suitable fof 
transmission, form what is called a camera chain. 

The camera is kept as small as possible for flcxi- 
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tronic circuite and equipment arc tadudetT widita 
the camera, pie other components of the camera 
chain, which include the camera control unit, power 
supplies, and monitoring facilities, are usually in- 
stalled in the control room. A synchronizing gen- 
erator provides the “sync” pulses used in the 
camera and camera control unit to create a video 
signal. 

Monochrome cameras. The typical monochrome 
camera contains the lens system and optical focuss- 
ing control, the image orthicon camera-tube as* 
sembly (including deflection coils, focusing coil 
and alignment coils), a high-voltage power supply 
for the image orthicon, the deflection chassis, the 
blanking amplifier, the video preamplifier, and 
blowers and heaters which maintain the correct 
operating temperature for the camera tube. Most 
cameras are also equipped with an electronic view- 
finder (a small monitor). 

The optical system of the television studio cam- 
era is compaiable to its photographic counterpart. 
High-qualitv, color-corrected lenses are used to 
focus an image on the photosensitive surface of 
the image orthicon tube. Optical focusing is 
achieved by moving the lens with respect lo the 
face of the camera tube or by moving the camera 
tube with respect to the lens. 

The deflection chassis kontaims the circuitry for 
the generation of the current waveforms which, 
when applied to the deflection coils, produce the 
linear scanning motion of the electron beam in the 
image oithicon tube. The deflection circuits are 
synchronized by pulses .supplied by the sync gen- 
erator. called horizontal and vertical driving pulses. 
Under the influence of the scanning fields, the elec- 
tron beam in the image orthicon scans out a pre- 
scribed pattern (called a raster) on the glass target 
inside the camera tube ( 5 cc Television camera 
tube: Television scanning). 

The blanking amplifiei utilize^ the horizontal and 
vertical driving pulses to form a blanking signal, 
which causes the target of the image orthicon tube 
to assume a sufficiently negative potential lo cut off 
llip signal output of the image orthicon. The blank- 
ing signal is applied during the time the electron 
beam is retracing its path from right to left, at the 
end of each horizontal line, and as the beam returns 
from the bottom of the raster to the top, at the end 
of each vertical field. Since no signal is transmitted 
during the retrace periods, the retrace lines are not 
* 'sible to the home viewer. 

The image orthicon lube requires several electro- 
static fields for its operation. The required poten- 
tials are supplied by a pulse-type power supply, 
which is driven by pulses appearing across the hori- 
zontal deflection coils. The image orthicon focus 
coil establishes a magnetic field along the axis of 
the tube, which, in conjunction with the electro- 
static fields, establishes the conditions necessary to 
control the electron paths within the tube. The cur- 
rent through the focus coil is electronically con- 
trolled to remain substantially constant. The aU^pi*- 
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The video preamplifier raises the signal output 
of the image orthicon from approximately 0.05 volt 
to about O4S volt and also provides a 1.0-volt signal 
lor driving the viewfinder. A typical video pre- 
amplifier has about eight stages of amplification. 
The amplifier has compensation circuits which keep 
the amplification essentially constant over a band 
of about 8 megacycles (Me). The preamplifier is 
re<iuired because the output signal from the image 
orthicon is too low to be transmitted over long 
cables to the control room without crosstalk or 
interference. 

The lens turret of the monochrome studio camera 
is controlled by a handle at the cameraman’s 
position. The controls located at the camera are 
used to set the operating potentials of the image 
orthicon tube, and to adjust scanning height, width, 
centering, linearity, and the output level of the 
camera signal. These and other auxiliary controls 
are normally adjusted onlv during camera setup. 

Camera control unit. The essential circuits in 
the control unit include a video amplifier with com- 
pensation circuits to amplify and process the video 
signal, a monitoring kinescope to provide a pit ture 
of the camera output for chec'king picture quality 
and focus, and a cathode-ray oscilloscope to meas- 
ure the signal level and observe the waveloim of the 
component parts of the video signal 

Color cameras. One of the basic requuements 
for color television is tlie separation into three (Com- 
ponent paits of the optical image picked up by the 
camera. This is done by special color fillets, whuh 
provide separate red, green, and blue images These 
images are directed to three image orthicon tubes 
Each tube has the same basic associated circuitry 
as the single-tube monochioine caineia, plus addi- 
tional circuits and a control unit in the camera to 
meet the requirements of the color system 

Figure 1 shows an open color camera The cam- 



Fig. 1 . Typkal color camera (Radio Corporation of 
Amorioa) 


era is uaually mounted on a pedestal far eaay han 
dling. The viewfinder on top oi tike eai^era provides 
a monochrome picture for the eameraiaaa^a ^ 
Figure 2 is a sketch of die optied system of a 
color camera. The light splitting is done by dichroic 
mirrors, which transmit light energy in one portion 
of the spectrum and reflect light energy in other 
portions of the spectrum. The condenser lens and 
the relay lens serve to lengthen the optical pafli to 
provide the space necessary for the light splitter 
Astigmatism is introduced by the dichroic mirrors 
because the displacement of the rays passing 
through the mirrors differs in the horizontal and 
vertical directions. Correction for astigmatism is 
provided by use of additional flat glass plates. See 
Dichroism. 

In a camera system the outputs of the three color 
( hannels are electrically combined to produce a sin- 
gle complex signal. Careful registration of the three 
optiial images in the camera is required to repro- 
duce accurately the color and detail at each point 
in the scene. Rather stringent design requirement 
are imposed on the deflection system of the camera, 
sint e all three rasters scanned on the targets of the 
three separate image orthicon tubes must be identi 
<al in si/p, shape, and placement. The scanning 
cinuits must exhibit a high order of stability The 
optK al system must likewise be capable of precise 
adiustment. 

The color camera control units have the circuit 
and contiol for the processing of the three color 
signals The basic ( ircuits are similai to those used 
in the rnonuchrome tameras except that neaily all 
controls are in triplicate 

Colorplexer (encoder). The signals ji/Tiduced by 
the three color channels are luminance signals cor 
responding to the brightness of eac h of the primar> 
coloi components of the scene To form a compati 
hie color signal capable of being received by botli 
color and monochrome receivers, these three signah 
are combined in precise proportions in a matrix- 
a combination of resistors and amplifiers which ef 
fee lively adds and subtracts the required proper 
tions of the three c amera signals to produce a nev 
set of three signals. One component represents tht 
addition of the three camera signals in the correr 
proportions to provide a luminance signal of tht 
(»ver-all scene. This signal is essentially the same a 
that provided by the monochrome television system 
The other two signals, termed I and Q signals, ar 
fed lo the multiplexer section of the colorplexc 
and are used to modulate the 3.58-Mc color sul 
carrier in a two-phase modulation system. The out 
put of the two modulator stages contains color in 
formation which is added to the luminance signs 
and color synchronizing signals to form the coIo 
video signal. See Color tb levision. 

Film rgproduction. The projectors used for tel( 
vision film reproduction use what is called a 3. 
intermittent mechanism to adapt the 24-frame me 
tion picture frame rate to the 30-frame televisio 
system. In this mechanism one frame of the motio 
picture film is held in the projector gate for tw 




television fields or %o sec, the next frame is held 
for three fields or %o sec, and this sequence is re- 
peated continuously. Two film frames require yi 2 
^er, which is equal to the time of five television 
fields This preserves the 24 frames/sec film rale. 
The time required for the pulldown of the film 
\aries with projectors but is in the order of Vioo sec. 
The shutter controls the application of light so that 
jt oocuis once in each television field during the in- 
terval when the film is stationary in the gate. A rnii 
ror -system is sometimes used to permit one film 
jdinera to handle several projectors 

Film cameras The cameia tube used in film re 
piodiution for both monochrome and color is the 
vidicoii. Some earlier systems for monochtome used 
the iconoscope camera tube. 

The monochrome vidicon film camera is a small 
(ornpdct unit which houses the vidicon camera tube 
with its deflection coils, focus and alignment <’oils, 
a \ideo amplifier; and a blanking amplifier. The 
optK dl image provided by the projector is focused 
on the photosensitive surface of the vidicon lube. 
1 he light intensity of the image reaching the vidicon 
tube may be adjusted b\ an adiuslablc neutral den- 
siU filter, which changes the light intensity without 
materially altering the spectral characteristics of 
the light. 

The camera control unit has a video amplifier 
with compenHation circuits to give the bc-t film re- 
production. A polarity-changing circuit is included 

that a positive picture can be obtained from 
either positive or negative film, as requiied. The 
controls for the vidicon circuits and for adjusting 
the video signal to meet the transmission staAdards 
are part of the camera control equipment. The 
power supplies and the deflection amplifiers are 
also located in the film control room. 

Color film, reproduction. The optical system of 
the color film camera uses a color splitter essen- 
tially the same as that used in the color studio 
camera. By passing light through color filters, rea, 
green, and blue images are provided^ each 

of the three vidicon tubes. 


The circuits in the color film camera are sub- 
stantially the same as in the monochrome camera, 
except that the registration requirement demands 
< ircuits for deflection which are inherently stable 
and have excellent linearity. 

The color film camera control has circuits for 
c ontrolling the three vidicon tubes, and processing 
amplifiers, which are required to establish a high- 
qudlitv color picture. A color monitor" and a 
c atlicide-ray ost illoscope are used for checking the 
pictuie c|iialit>, establishing the required video lev- 
els. and examining the video wave forms. The color 
film system uses a colorplexer for combining the 
three camera signals to produce the compatible 
c olor video signal. 

Field equipment. Programs originating away 
from the studios arc usually covered by the use of 
mobile units. Field equipment for monochrome use 
is designed so that it c an be separated into several 
units lor easy handling. For example, the camera 
and viewfinder are separate units. The camera con- 
hoi units, the switching unit, the television moni- 
tors, and audio equipment usually are installed 
in the mobile unit in a semipermanent mannei. The 
mobile unit serves as a control room for manv types 
of pickups. Color mttbile units usually use studio 
ccpiipment which, with the exception of the cameras 
and accessories, is permanently installed. The 
video signal from the mobile unit is transmitied to 
the studio or transmitter by microwave relay or by 
the use of wideband cables. K* graham} 

Bibliography: Cedor Television Issue, Broadcast 
Ncius No. 77, Jan.--Feb. 1954; H. E. Ennis, Princi- 
ples and Practices of TV Operation^ 1953; D. Fink^ 
Color Television Standards, 1955; H. N. Kozanow- 
ski, 3 Vidicon color film camera, Broadcast News 
No. 77, May- June 1954; J. W. Wentworth, Color 
Television Engineering, 1955. 

Television camera tube 

An electron tube that converts an optied image 
into an electrical television signal. The tube is used 
in a television camera to generate a train e( dao 



Fig. 1. Some typical camera tubes, (a) Image dissector; image orthicon; (e) 1-in. vidicon; (f) miniature vidicon 

(b) iconoscope; (c) 4%-in. image orthicon; (d) 3-in. (developmental). 


trical pulses representing the light intensities pres- 
ent in an optical image focused on the tube. Each 
point of this image is interrogated in its proper 
turn by this tube, and an electrical impulse corre- 
sponding to the amount of light at that point of the 
optical image is generated. 

Television camera tubes are designed priniarih 
to pick up live programs, indoors or outdoors, as 
well as to reproduce motion pictures and other 
51med material. Tubes developed for these pur- 
poses are the iconoscope, the image iconoscope, 
the orthicon, cathode-potential-^tabili/ed (c-p-s) 
emitron, and the image orthicon. Less complex or 
smaller camera tubes have been developed for in- 
dustrial or closed-circuit television service. These 
are the vidicon and the image dissector. The former 
also is finding wide use in broadcast television 
Figure 1 shows a group of typical television camera 
tubes. 

Although the television camera tube is sensitive 
primarily to visible light, special tubes have been 
designed that are sensitive to radiant energv in the 
infrared, the ultraviolet, and the x-ray portions of 
the electromagnetic spectrum. The x-ray type has 
found use in industrial nondestructive testing sys- 
tems, where the tube replaces a film and produces 
an immediately available x-ray picture In medi- 
cine, this type of tube can be used instead of a flu- 
oroscopic screen to transmit a picture through a 
closed circuit to a remote viewer. This arrangement 
makes it unnecessary for the examiner to adapt his 
eyes to the dark and reduces both his and the pa- 
tient’s exposure to x-rays. 

Vidicons sensitive to ultraviolet are being made 
for high-resolution microscopes. They are also uti- 
lized to view the structure and metabolism of living 
cells, which are for the most part transparent to 


visible light. For use in military surveillance work, 
image orthicons have been devised that operate m 
starlight, and vidicons have been developed that are 
sensitive to infrared radiation. 

The major classification of camera tubes is based 
on the method of signal generation. Tn a nonstorage 
tube the only light utilized is that reaching a par 
tirular point on the tube’s light-sensitive unit while 
that point is being interrogated. Tn a storage tube 
an electric charge accumulates at each point during 
the interval between successive scans. Because tht 
storage-type tube uses the electric charges gener 
ated by J^e light during the comparatively long m 
tervals between successive scans of the image, it is 
more efficient and more sensitive. Such othei tvpes 
of television signal generators as flying-spot and 
monoscope devices are not classified as television 
camera tubes because the electron tubes used do 
not convert an optical image into an electiiral tele- 
vision signal. 

Storage-type cameras are further classified ac- 
cording to whether the light-sensitive element uti- 
lized is photoemissive or photoconduclive. When 
photoemissive materials absorb light they emit 
electrons. When photoconductive materials absorb 
light their electrical conductivity changes. 

Image orthicon. Perhaps the most complicated 
camera tube, the image orthicon has exceptionally 
high sensitivity and the ability to handle a wide 
range of light values and contrasts. For these and 
other reasons, the image orthicon is used almost 
exclusively in studio and outdoor broadcast tele- 
vision in the United States and many other coun- 
tries. It is also used in sets of three in color tele- 
vision cameras, each tube generating a signal rep- 
resenting respectively the red, green, and blue 
components of the light. 
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Fig. 2. The image orthicon and its associated deflect- 
ing and focusing coils, (from D. G. Fink, ed., Te/evi- 
sion Engineering Handbook, McGraw-Hill, 1957) 


The image orthicon is divided into an image sec- 
tion, a scanning section, and a multiplier section 
iFig. 2). These can be considered as three tubes 
within a single vacuum envelope. 

Image section. The photoemissive layer is de- 
posited as a continuous film inside the tube face- 
plate. This layer is called a photocathode and is 
similar to that used in most multiplier phototubes. 
It is semitransparent, so that light impinges on one 
side and photoelectrons are emitted from the other 
side. As this layer is a fairly good electric conduc- 
tor, a charge pattern docs not build up on its .sur- 
U\re as electrons are emitted. When the image or- 
thicon is in operation, a light image is focused on 
the photocathode, whose electrons absorb the en- 
ergy and leave the surface in numbers proportional 
to the intensity of the illumination at each point 
[see PHOTOF.MtssioN ) . An electrical field produced 
by the other electrodes of the image section draws 
these photoelectrons in essentially parallel streams 
through the image section to a sharp focus on the 
target. 

The target consists of two structures I tig- 
Faring the photocathode and stretched tightly 
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across the end of the image section is a wire mesh 
screen (over 500.000 openings per square inch) 
called the target mesh. The mesh is placed several 
thousandths of an inch from the second structure, 
the target glass, a glass membrane less than .0002 
in. thick. Most of the photoelectrons pass through 
the target mesh and hit the target glass. Each pho- 
toelectron has several htindred volts energy and 
knocks several additional electrons from the target 
glass surface, producing a ptisitive charge* at the 
impact point (.-see .Secondary emi.ssion). The pa^ 
tern of positive charges corresponds to the light 
image falling on the orthicon’s faceplate. The sec- 
ondaiy electrons leaving the target glass are col- 
lected by the target mesh, which is held at a 
slightly more positive voltage. 

Scanning section. The positive charge pattern is 
stored on the target glass, which divides the image 
section from the scanning section. A beam of low- 
velocity electrons generated by an election gun is 
made to scan the rear surface of the glass by vary- 
ing magnetic fields within the tube. As the beam 
moves across the glass it deposits electrons wher- 
ever positive charges have been built up on the 
image side. The resistance of the glass w care- 
fully controlled so that chaiges can move from 
one face to the other before the scanning lieam re- 
turns to the same spot; yet the glass is designed to 
insulate well enough to inhibit lateral movement 
of the charges, which would alter the pattern of 
the charge image. When enough electrons are de- 
posited by the seanning beam to neutralize the 
■rharge on the glass and reduce it to the potential 
of the electron gun cathode, the electrons follow- 
ing thereafter turn about and r«urn to the electron 
gun. When the beam scans an uncharged (dark) 
area, the full beam is returned. When the beam 
scans a highly charged (bright) area, most of the* 
beam is deposited and little returns. Thus the beam 
is amplitude modulated. The variations in the return 
beam current constitute the television picture infor- 
mation, at low intensity. The return heap is ampli- 
fied about 1000 times in the electron multiplier sec- 


tube and h taken out at the anode of the 
as a video aignal current 

MubipHet Mection. The electron multiplier is of 
ImiflUie Goaatruction, although it operates like the 
IQUfidpUer uaed in a multiplier phototube. It con- 
etea of a flat first-dynode structure, which is also 
the screen grid of the electron gun, and a series 
of pinwheel multipliers. When the return beam 
strikes the first dynode, a shower of secondary elec- 
trons cascades through the plnwheels, where re- 
peated secondary emission multiplies their number. 
The final group of electrons is collected by the an- 
ode and forms the signal current. This current flows 
across a load resistor in the anode circuit, devel- 
oping a voltage that is fed to a video amplifier for 
further amplification. See Phototube, multiplier. 

The image orthicon is made in several models for 
black-and-white television cameras, color television 
cameras, and cameras designed to operate at low 
light levels. The difference among these tubes is 
chiefly in the capacitance of the storage element 
(the target), which is adjusted by changing the 
spacing between the target mesh and the target 
glass. 

Iconoscope. The first practical storage-type tube 
developed, the iconoscope was used in early live 
television broadcasting but is now used only in 
motion picture reproduction. It has since been sup- 
planted in the studio by the image orthicon or the 
c-p-s emitron. The vidicon is replacing the icono- 
scope as a film reproducer. 

The iconoscope contains a target and, unlike the 
image orthicon, an electron gun located on the front 
side of the target (Fig 4). The target consists of 
three elements: a conductive back or signal plate, 
an insulating support, and a photoemitting surface 
The latter surface consists of a mosaic of light- 
sensitive cesium-silver oxide, which is a good elec- 
trical conductor. The ‘‘islands’^ of this mosaic are 
distributed at random but are separate and insu- 
lated from each other. The insulation enables them 
to store the positive charges that result when light 
falls on them and electrons are emitted The scan- 



ning beam bombards the mosaic surlaoe with high 
velocity electrons, neutralising the gtored positi 
charges. In addition, the scanning beam electror 
expel to the higher^voltage collector a considerable 
number of secondary electrons, more from the areas 
where light does not strike the mosatc surface and 
less from the areas where the light causes a posi. 
tive charge. The secondary electrons continue to 
leave as the scanning beam strikes until the area 
under the beam reaches the voltage of the coHec. 
tor, the highest-voltage electrode in the tube. 

The mosaic is electrically coupled to the signal 
plate by electrostatic capacitance between the two 
Therefore, changes in the electron current flowing 
away from the mosaic as the beam travels from 
heavily charged (lighted) to weakly charged (un 
lighted) areas cause corresponding changes in the 
current flowing in and out of the signal plate lead 
This current, flowing through the load resistance m 
the signal plate circuit, produces a signal voltage 
which IS amplified to form the television video sm 
nal. 

The picture signal developed by the iconoscope 
tube is not precisely representative of the image 
as not all of the secondary and photoemitted elei 
truns go to the collector. Some fall as a gentle rain 
on the mosaic and discharge some of the charged 
areas, creating random shadows and highlights m 
the reproduced picture This defect is characteris 
tic of the iconoscope’s high-velocity scanning pro( 
ess; othei camera tubes employ a low-veloc itv s* an 
ning beam to minimize this effect. 

The iconoscope requires a lot of light to operate 
properly, is a rather bulky tube to use, ^nd is dif 
ficult to operate. However, it was of prime impor 
tancp in the early development of ( ommerciai 
broadcast television 

Imag^ iconoscope. The image iconoscope is an 
outgrowth of the iconoscope tube It has a moderate 
sensitivity and has been refined to minimize some 
of the troubles that plague the iconoscope because 
of its high-velocity electron scanning beam. It ^ 
still used in some studio television cameras in Eu 
rope. 

In this tube the photosensitive layer is not pait 
of the image storage element but is a continuous 
semitransparent layer deposited on the faceplate of 
the tube, similar to the photocathode of the image 
orthicon (Fig. 5). The target, which is the storage 
layer, is parallel to the faceplate and a few inches 
away from the photosensitive layer. These two ele- 
ments comprise the image section of the tube. When 
a light image is focused on the photosurface, elec- 
trons are emitted. A high-voltage field produced by 
electrodes within the tube draws the electrons away 
in streams resembling the bristles of a brush. The 
image-focusing coils act as an electron lens, focus- 
ing these streams to sharp images on the target. 

The target is an insulator with its surface 
treated to make it a secondary eiPitter. Where the 
photoelectrons strike, a number of secondary elec- 
trons are emitted and a positive charge is produc^ 
The image section can be considered as a device 




Fig. 5 The image iconoscope tube and its associated 
deflecting and focusing coils. (From D. G. Fmk, ed.. 
Television Engineering Handbook, McGraw-Hill, 1957) 

for transferring an electron pattern from a photo- 
s(*n^itive surfd( e to an insulating layer for storage, 
riie stored positive charges duplicate the light pat- 
tern of the optical image. 

The signal output is generated by a high-velocity 
fintron beam as it scans the stored charge pat- 
tpin on the target surface. The method of signal 
generation from this point on is identical to that of 
the u onoscope. 

Ihe image iconoscope incoiporates a number of 
features to prevent the secondary electrons, pro- 
(liKcd bv the scanning beam and by the pho»oelec- 
tron stieams, from dropping back onto the target. 
\s a result, the picture is fairly precise and rela- 
bel v free of unwanted distortions. The imaging 
proi ess also produces amplification because for 
fver> photoelectron striking the target many sec- 
ondary electrons leave. 

Cathode-potential-stabilized emitron. The c-p-s 
emitron is a medium-sensitivity, storage-type cam- 
tra lube used in England primarily for television 
studio broadcast service. It is not used where the 
lighting level and light contrast cannot be closely 
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MntroU«d, such u in outdoor canon work at bi* 
dustrial television situations. 

TTie important portion of this tube is the target, 
Which consists of a semitransparent photoemitting 
mosaic, an insulating snpport lor the mosaic, and 
a transparent signal plate on the opposite side of 
the insulator. The mosaic elements and the signal 
plate are capacitively coupled by the dielectric sup- 
port (Fig. 6). 

When a scene is imaged on the mosaic, photoelec- 
trons are emitted. These electrons are attracted to- 
ward the positive electrodes at the electron gun. A 
pattern of positive electric charges is left on the 
myriad mosaic elements. The scanning beam detects 
the positive-charge pattern by depositing low-veloc- 
ity electrons on each element until it reaches the 
zero potential of the cathode of the elec'tron gun. 
As electrons are deposited on these charged areas, 
an etpial numl»er of electrons flows out of the ca- 
pacitively coupled signal plate. 

A stabilizing mesh in the tube is maintained at 
lS-20 volts to prevent anv element of the mosaic 
from charging up beyond this voltage. This proce- 
dure prevents the scanning beam electrons from 
landing with enough voltage to eject more second- 
ary electrons than the number of electrons that 
strike the element. If the latter occurred, the mo- 
saic would charge up uncontrollably and ruin the 
picture. 

Cathode-potential-stahilized operation refers to 
the use of a stabilizing mesh and low-velocity elec- 
trons in the scanning beam to maintain the poten- 
tial of the mosaic at cathode potential. 

Vidicon. The vidicon is a small television camera 
tube that was developed primarily as a closed-cir- 
cuit or industrial television camera tube. Although 
the name initially applied to a particular l-in.-di- 
ameter camera tube 61^ in. long, it has been gen- 
erally applied to a numbci of camera tubes employ- 
ing a photoconductive light-sensitive .surface. 

Nearly all closed-circuit television camefas uti- 
lize a vidicon. Its small size and the simplicity of 
operation and adjustment make it well suited for 

'se in systems to be operated by relatively unskilled 
people. Because of the precise and sharp picture 
that it can develop, it is also used in television 
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broadcast service, primarily for the reproduction of 
motion picture films. The vidicon tubes have a mod- 
erate sensitivity, comparable to that of commonly 
used motion picture film, and can be used in most 
industrial locations without auxiliary lighting. The 
speed of response, or ability to capture motion, is 
at present somewhat less than that of some other 
television camera tubes. 

The vidicon is a simply constructed storage type 
of camera tube (Fig. 7K The signal output is de- 
veloped directly from the target of the tube and is 
generated by a low-velocity scanning beam from an 
electron gun. 

The target consists of a transparent signal elec- 
trode deposited on the faceplate of the tube and a 
thin layer of photocondiictive material, which is de- 
posited over the electrode. The photocondiictive 
layer serves two purposes. It is the light-sensitive 
element, and it forms the storage surface for the 
electrical charge pattern that corresponds to the 
light image falling on the signal electrode. 

The photoconductor has a fairly high resistance 
when in the dark. Light falling on the material ex- 
cites additional electrons into a conducting state, 
lowering the resistance of the photocondiictive ma- 
terial at the point of illumination (^ee Photocon- 
ductivity K A positive voltage is applied to one side 
of the photocondiictive layer by means of the signal 
electrode. On the other side the scanning beam de- 
posits sufficient electrons at low velocity to main- 
tain a zero voltage. In the interval between succes- 
sive scans of a particular spot, the light lowers the 
resistance in relation to its intensity. Current then 
flows through the surface at this point and the hack 
surface builds up a positive voltage until the beam 
returns to scan the point. The signal output current 
is generated when the beam returns this positively 
charged area to zero voltage. An equal number of 
electrons flow out of the signal electrode and 
through a load resistor, developing a signal voltage 
that is fed directly to a low-noise video-signal am- 
plifier. 

A fine-mesh screen stretched across the tube near 
the target causes the electron scanning beam to de- 
celerate uniformly at all points and approach the 
target in a perpendicular manner. The beam is 
brought to a sharp focus on the target by the lon- 
gitudinal magnetic field of the focusing coil and 


horizontal and vertical deflecting colls 



Fig. 7. Cross section of a vidicon tube and its asso- 
ciated deflection and focusing coils. 



Fig. 8. The image dissector and its associated deflect- 
ing and focusing coils. (From 0. G. Fink, od., Te/e- 
vision Engineering Handbook, McGraw-Hill, 1957) 


the proper voltage for the focusing electrode. The 
beam is made to scan the target by varying the 
magnetic fields of the deflecting coils Cath- 
ode-ray tube). The photoconductor is chosen to 
have a low secondary-emission ratio and as a result 
does not charge positlively when subjected to elec- 
tron bombardment. The material that has found the 
widest use for the vidicon is a form of antimony 
trisulfide. Ultraviolet-sensitive vidicon tubes emplo\ 
a thin faceplate of ultraviolet-transmitting gla<«<s 
and a selenium photoconductor that is sensitive to 
ultraviolet light. An x-ray-sensitive vidicon utiliz- 
ing a lead oxide photoconductive material has been 
made for medical and industrial x-ray work. The 
target is large enough to cover sulistantial portions 
of the human anatomy. The scanning beam is fo- 
cused and deflected by electrostatic electrodes. 

Image dissector. The image dissec^r is a non 
storage type of camera tube that employs a photo- 
emissive light-sensitive surface. This tube does not 
utilize a scanning beam as do all other types of 
cameri^tubes but collects and directly amplifies the 
electron currents emitted from the photosensitive 
surface. The image dissector tube was one of the 
first camera tubes ever devised and is still used in 
industrial television systems. It is rather insensitive, 
requiring strong light for proper operation, but it 
has a long life and is stable in its operation. 

A light image is focused on a continuous semi 
transparent photoemissive surface located on the in- 
side of the tube faceplate (Fig. 8). Electron 
streams from the illuminated photosurface are re 
focused on an imaging plane at the other end of 
the tube by the focusing coil and the electric field*' 
of the electrodes in the tube. A plate with a small 
aperture in it is positioned near the center of thi*^ 
plane. Behind the hole is an electron multipliof- 
This small hole can intercept the electrons from 
only a few of the many electron streams. Those 
electrons that pass through the hole are multiplm^l 
to produce a high current. The current is collected 
by the anode of the multiplier and flows through 
a load resistor placed in the anode circuit. The volt- 
age that develops across this resistor is used to 
form a television signal. 

The magnetic fields produced by the deflecting 
coils shift all the electron streams horizontally 



vertically across the aperture in a regular television 
scanning sequence. As a result, the aperture peri- 
odically samples or dissects the entire photoelec- 
tric image. The electrons that do not pass through 
the aperture are not utilized or stored. This loss 
contributes to the low sensitivity or low efficiency 
of this type of nonstorage camera tube. See Tele- 

VISION CAMERA. [r.C.N.] 

Bibliography: D. G. Fink (ed.), Television Engi- 
neering Handbook^ 1957; V. K. Zworykin and E. G. 
Ramberg, Photoelectricity and Its Application, 
1949. 

Television networks 

Transmission means to permit the distribution of 
the same television program simultaneously to two 
or more television broadcasting stations. In the 
United States these arc provided by the telephone 
companies. The transmi.ssion path usually includes 
some combination of local cable facilities, micro- 
wave radio, and intercity coaxial cable. During the 
months of daylight saving time some areas continue 
to operate on standard time, and duplicate facilities 
mav be required in order that programming, which 
may l)e repeated live or played back from record- 
ings, may be received at the optimum time. In addi- 
tion, program material mav be recorded for future 
use in some cities while it is being broadcast in 
othcis. See Th.evision. 

Network operation. Much of the network opera- 
tion IS done on a round robin basis. Round robin 
IS network jargon for a circuit in the form of a 
loop. The station transmitting to a round robin must 
open the loop at that point so that the program 
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does not circulate around the loop indefinitely. Ad* 
^^otages of round robin operation include the pos* 
sibility that any station on the loop can originate 
programs, switching is simplified, and more eco* 
nomical use is made of intercity transmission facili- 
ties. 

The illustration shows part of a typical network 
provided by the Bell System for one of the major 
broadcasting companies. The round robin includes 
New York, Buffalo, Cleveland, Chicago, St, l^iuis, 
Indianapolis, Pittsburgh, Washington, and back to 
New York. Other cities are served by terminals at 
intermediate point.s or by side legs. The main route 
to the West leaves the round robin at St. Louis, 
serving intermediate points along the way. Cities in 
the West are served via I .08 Angeles, San Francisco, 
and Salt Lake City. Programs originating on the 
West Coast also follow these routes. 

In network operations, frequent switching of the 
facilities is required. Switching is done in tele- 
phone company television operating centers located 
in the major cities and other strategic points. 
Switching ran be done on a completely manual 
basis or on a semiautomatic basis. In semiauto- 
matic operation the switching equipment can be 
prepared in advance to make one or mote simul- 
taneous switches at the operation of a push button. 
The preparation and operation can be at either the 
operating centei where the i ircuits terminate or it 
can be at a remote point. When remote operation 
lb employed, the switching func^tions are direc'ted 
over telegraph-type circuits. 

The time at which switches are made can be 
scdiediiled. or it can be determined on a cue basis. 



Typical television network on Bell System facilities. 


WitdiiBg 18 Bcfaedoled, but programs with 
iftaefinlie intervals, such as athletic events, must 
to eisftcoed on cues. Much of the scheduled switch- 
ing la done 20 seconds before the quarter hour. The 
toervai between switching and the exact quarter 
hour is usually used by the stations for local com- 
nuntrials or station identification. With all networks 
being switched at the same time, conflicts are 
avoided which might be troublesome or embarrass- 
ing. This would be particularly true when a facil- 
ity is scheduled for several networks in sequence. 
See Radio broadcastinc networks. 

Technical considerations. Television channels 
passing through television operating centers are 
arranged for convenient monitoring and testing. 
Two monitors are usually provided. An oscillo- 
scope is used to observe the video wave (amplitude 
versus time) form. The other monitor, essentially a 
high-grade television receiver, is used to observe 
picture quality. 

Several forms of test signal are employed to de- 
termine the condition of the lines. The amplitude 
versus frequency characteristic can be determined 
by single-frequency tones in increments from a 
very low frequency to a frequency at the top of the 
video band. Precise measurements can be made 
with a thermocouple- type instrument or, if a refer- 
ence tone is transmitted simultaneously with the 
test tones, a comparing bridge can be used The 
latter is more accurate since flat changes in gain 
of the system under test have little effect on the 
results. Another frequently used test signal is one 
which sweeps from low to high frequencies. When 
observed with a suitable detector and oscilloscope, 
this indicates at u glance the condition of the cir- 
cuit under test. A third test signal which can be 
used for more gross tests is the miiltihurst and is 
observed on the waveform monitor. This consists of 
a square wave pulse followed bv several bursts of 
different frequencies. This signal occupies one hori- 
zontal video line and may he repeated eveiy line or 
only on selected lines. In addition to a gross gain 
versus frequency check it is useful in detecting 
compression and streaking in the transmission fa- 
cilities. 

Other test equipment measures streaking and 
smearing, differential gam and phase distortions, 
noise, and envelope delay distortion. 

To reproduce an unimpaired picture, the energy 
from the television camera should reach the re- 
ceiver with all frequency components unchanged in 
relative amplitude and time relationship. No trans- 
mission facility is capable of ideal transmission, 
and therefore the various anomalies must be cor- 
rected by electrical networks to approach the ideal 
as nearly as practicable. 

In broadcast television the highest frequency 
video component transmitted to the receiving sets 
is approximately 4,2 megacycles (Me). Ideally, all 
components from near direct current to 4.2 Me 
should be transmitted by the network facility, but 
economic considerations may dictate a band of lesser 
width. For example, one of the coaxial-cable car- 


rier systems is capable of transmitUi^ a band a 
proximately 3 Me wide. This may aeegm inadequar 
when view^ on high-quality studio picture moni^ 
tors, but subjective tests on large numbers of p^o. 
pie have shown that the video band can be reduced 
to below 3 Me on home television receivers without 
being noticeable to many. 

Local channels. The connections between the in- 
tercity television network and the broadcaster^' 
studios are made via local channels which are 
also used to connect each broadcaster’s studio to 
his transmitter. Local channels are necessarily 
capable of precise adjustment because of the num- 
ber which may be in tandem. The distortions, such 
as amplitude and delay, already present in cameras, 
studio equipment, long-distance facilities, and the 
broadcast transmitters, limit the permissible di«i 
tortion remaining to be allotted among all the local 
channels in tandem. Coaxial cables are not gener 
ally suitable, since the video signals are trans- 
mitted at baseband, tha^t is, from essentially direct 
current to about 4 Me. Coaxial cables are elec- 
tric ally unbalanced with respect to ground and arc 
susceptible to induced voltages and to differences 
in potentials at the ends. For this reason local chan- 
nels in cable aie transmitted over balanced video 
cable pairs. A video pair is relatively heavy gage 
usually no. 16, and is insulated with a low-lciss 
dielectric. Each video pair is shielded by copper 
tapes or woven copper wires. 

The attenuation of a 16-gage video pair is aboiit 
19 db/mile at 4.5 Me and 75 Attenuation vanes 
directly as approximatelv the square root of fre 
cfiiency; it also varies apiiroximately pci 

°F. For the degree of precision required in tele 
vision signal transmission, the temperature varia- 
tion precludes the use of aerial c able, since the 
temperature may vary 60° F of more from dav to 
night. Video amplifiers are spaced at intervals up 
to 4.5 miles to compensate for attenuation. 

Capacitance-coupled amplifiers are incapable of 
transmitting the dc component of video signals 
Clampers are used to restore the direct current at 
the end of the circuit. One form of clamper sam 
pies the deviation of the tip of the sync pulse from 
its normal level and injects the derived error signal 
into the video signal in proper phase. 

Many local channels are transmitted by micro 
wave radio. The conditions controlling the use of 
radio or cable are usually economic but may also 
be influenced by the necessity for a speedy installa 
lion, such as for one-time news or sporting events 
Where underground cable is not feasible because 
of terrain, right of way, or other problems, micro- 
wave radio becomes attractive even for relatively 
short distances. 

The microwave radio equipment for temporary 
use is packaged for portability. It is possible, 
under some conditions, to establish a microwave 
radio link in less than 1 hour. If, however, tower 
construction is required for path clearance, it re- 
quires more time. Some telephone companies own 
portable towers, which can be erected in a 



liouffl* Others have made use of truck-mounted 
cranes as towers for temporary services. 

In a heavily congested area, such as New York 
City, the coordination of frequency assignments is 
a serious problem. For example, the New York 
Telephone Company has operated as many as 17 
microwave radio systems simultaneously on the 
Empire State Building. Interference between these 
.y^htems and with long-distance channels in the area 
I., difficult to avoid. 

Transmiasion facilities. The first intercity tele- 
vision network transmission was over a coaxial- 
cable system known in the Bell System as the LI 
earner system. The television channel uses a ves- 
tigial sideband channel transmitting the upper 
wideband, a 311-kilocycle carrier and a vestigial 
lower sideband. One form of the coaxial tube has 
an inside diameter of approximately 0.375 in. and 
d renter conductor approximately 0.10 in. in diam- 
eter The center conductor is supported by poly- 
ethylene disks at intervals of about 1 in. The 
attenuation is approximately 6.75 db^'mile at 3 
Me. Repeaters are spaced at about 8-mile in- 
tervals. Usually, several coaxial tubes are pro- 
vided in each direction for service and one lube in 
earh direction for spare. Included also are some 
(onventional telephone circuit conductors for use 
in various control functions, order wires, and so 
forth The useful video bandwidth in an LI ••ystem 
is ^lIghtly less than 3 Me. 

The NTSC (National Television Systems Com- 
mittee) color television signal contains energy 
components up to 4 2 Me The color information 
Is carried by a subcarrier ut about 3.6 Me In an I 1 
c airier system arranged for color transmissiem the 
luminance signal is restrirtc^d by filters to a band 
approximately 2 Mr wide. The 3.6-Mr color sub 
(arner is converted to 2.6 Me in the earner trans- 
mitting terminal. The 2.6-Mr signal is reconverted 
in the receiving terminal to 3.6 Me for delivery to 
ihe broadcaster. In order to avoid a restricted 
bandwidth when transmitting monochrome Mgnals 
on color treated circuits, the carrier terminals are 
arranged to recognize the presence of the coloi 
signal. When the color signal is absent, the LI 
carrier terminals transmit the monochrome tele- 
vision signals without the 2-Mr restriction of the 
video band. See Color illevision. 

A later type of coaxial carrier system, known as 
the L3, is capable of handling one 4-Mc video 
< hannel and 600 message channels in each coaxial 
tube. Automatic regulation compensates for vari- 
ous changes in the cable and the repeaters. These 
rhanges are a function of temperature and- time. 
No special treatment is required to make the L3 
carrier system capable of transmitting NTSC color 
signals. 

In both of the L carrier systems, arrangements 
®re made for automatic switching of the circuits 
to spare facilities in the event of a circuit failure. 

Power to the repeaters is supplied bv commer- 
cial power to main repeaters and over the coaxial 
cable to auxiliary repeaters. Engine alternator 
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equipment is provided at main repeaters. It auto- 
matically starts in the event of interruption of 
commercial power. 

By far the largest number of television circuit 
miles is provided by microwave radio relay. An 
example of this is what is known in the Bell System 
as the TD-2 radio system. This is a frequency- 
modulated system with six carriers in each direc- 
tion in a band from about 3700 to 4200 Me. Radio- 
relay systems are capable of transmitting video 
bands of 4.2 Mr or greater. The relay 8tation.s are 
spared about 30 miles apart. 

Microwave radio systems arc subject to fading 
as atmospheric t*onditions change. Automatic 
switching equipment is arranged to recognize 
fading and switch from the faded channel to one 
of another frequency. As in the L carrier system, 
emergency power is provided at radio relay sta- 
tions. 

Closed-circuit networks. Closed-circuit televi- 
sion netwoiks are required bv industry, govern- 
ment. and educational institutions. They are used 
for sales promotion. I'onferences, surveillance, 
traffic control, and instruction. The same transmi.s- 
«ion media as that for broadcast television net- 
works may be used or, for distances up to about 
35 miles, modulated vhf carriers may be trans- 
mitted over c'oaxial cables. The carriers may be 
standard broadi ast television frequencies between 
54 and 88 Me (channels 2 6) or they may be sq. 
railed subc hanneK between 25 and .50 Me. This 
may be partic iilarlv attractive economically where 
more than one channel is required It is possible to 
transmit five monochrome channels simultaneously 
on one c<iaxial cable in the 54 88-Mc or three in 
the 2.5-50-Mc region. Bv judicious selection of the 
carrier frecjiiencies it is possible to transmit six 
channels three in the 25 .50-Mr and three in the 
54“88-Mc region The presence of strong rf signals 
from TV broadcasting stations or other sources 
mav preclude the use of one or more of the chan- 
nel® if the demodulation equipment is not well 
shielded. 

Experimental work has been done on a wideband 
video system for closed-circuit systems to transmit 
high definition color signals. Video signals as wide 
as 1.5 Me have been handled on a limited basis. 
Special treatment of the network facilities 19 re- 
quired when it is necessary to transmit signals of 
greater bandwidth than the standard broadcast 
signal. .See Closed-circ un television. | r.r.ho. ) 

Television receiver 

The equipment used to receive the transmitted 
modulated radio-frequency signals and produce 
synchronized visual images and sound for enter- 
tainment or educational purposes. The radio-fre- 
quency portion operates on the superheterodyne 
principle similar to FM and AM receivers. See Ra- 
dio RECEIVER. 

The first television receivers to be mass produced 
" were monochrome, that is, they provided pictures 
in black and white only. Later, color receivers. 
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which produce pictures in full color or in blacli 
and white, became available. For basic discussiox 
of a television system, see Television ; TELEVISIO^ 
STANnABDS. 

Monochrome receivera. Figure 1 shows a blocl 
diagram of a conventional monochrome television 
receiver, the major sections of which will be dis- 
cussed in the following paragraphs. 

Antenna and transmission line. Since all broad- 
cast television transmissions in the United States 
are horizontally polarized, the most basic type of 
television-receiving antenna is the horizontally 
mounted half-wave dipole. Because the stations 
serving a given area may operate on widely differ- 
ent frequencies, however, the dipole dimensions 
must be a compromise that permits reasonable per- 
formance on all the desired channels. See Antenna 
(aerial). More complex antennas combine several 
dipole elements of various lengths, and passive re- 
flectors may be used to achieve some degree of hor- 
izontal directivity. Highly directive antennas are 
frequently mounted on remotely controlled rota- 
tors so they can be pointed in the direction provid- 
ing the best reception of the desired signal. The 
most common types of transmission line between 
the antenna and receiver are 300-ohm “twin-lead,” 
employing polyethylene as a dielectric spacer 
between two uniformly spaced, unshielded wires. 
Also 75-ohm coaxial cable is used. See Transmis- 
sion LINLS. 

Tuner. The tuner of a television receiver selects 
the desired channel and converts the frequencies 
received to lower frequencies within the pass-band 
of the intermediate- frequency amplifier. For very- 


high-frequency (vhf) reception the tuner genttaii, 

has 12 discrete positions, corresponding to 
nels 2-13, For ultra-high-frequency (uhf) rece** 
tion, continuous tuning is employed. Nearly ^ 
vhf tuners employ radio-frequency (rf) ampHfiei 
mixer, and local-oscillator circuits arranged a 
shown in Fig. 1. In uhf tuners the rf amplifier U 
sometimes omitted because of the difficulty of qI). 
taining low-noise amplification at uhf frequencies 
The rf amplifier may be of the cascode, tetrode, or 
pentode type. In general, the cascode circuit pro. 
vides superior results. See Cascode amplifier. 

The mixer and local-oscillator circuits may em. 
ploy separate tube envelopes or be combined in the 
same glass envelope. The received signal and the 
local oscillator signal are applied to the mixer. 
Difference frequencies, representing the picture 
and sound carriers, are produced and remain ewQ. 
tially constant as the rf amplifier, mixer, and os 
cillator circuits are tuned to the different channels. 
Known as intermediate frequencies (41.25 Me for 
sound and 45.75 Me fbr picture), they are available 
for further amplification. The correct oscillator 
frequency is approximately set at the time of chan- 
nel selection. A fine adjustment is provided to pei- 
niit more accurate tuning. 

Such performance characteristics as noise fac- 
tor, gain, bandwidth, and oscillator radiation must 
be optimized in the design of the tuner. 

I ntermediate- frequency amplifier. The output 
from the tuner is applied to the intermediate- fre 
quency (i-f) amplifier. Several stages of amplifita 
tion are required to obtain the desired output big 

nul I#>vp 1 Hnd «.plftrfivitv. 


antenna I 

w I 


tuner 


local 

oscillator 


rf amplifier 


L 


I 


sound i-f 
amplifier 




sound 

detector 


audio 

amplifier 


speaks 


i-f amplifier 


video 

detector 

— 

video 

amplifier 


^snJr 

system 1^^ I s< 


-end 


sync 
separator 


vertical 

sync 

amplifier 


horizontal 

sync 

amplifier 


vertical 

oscillator 

* 

vertical 

sweep 

output 




horizontal 

u 

horizontal 

oscillator 

M 

sweep 


1 1 

output 


Fig. 1. Block diogram of o typical monochromo tolovhion roceivor. 






Xhc wnplifier is essentially constant 

from 43 to 45 Me, Above the latter frequency the 
^ponse decreases such that at 45.75 Me, the pic- 
lure carrier frequency, it is 50%. This slope is re- 
quired to compensate for the vestigial sideband 
jansmitted signal. 

Below 43 Me the response decreases until at 
41.25 Me, the sound carrier frequency, it is 5-10% 
of the flat response. This minimizes cross modula- 
tion between picture and sound carriers. Fixed 
tuned trap circuits arc used to produce sharp cut- 
offs at the lower and upper limits of the i-f pass- 
band. Sufiicient selectivity is provided to minimize 
interference from signals originating in adjacent 
television channels. 

Separation of video and audio. The output of the 
1 f amplifier consists of two modulated rf signals. 
One of these, which is amplitude modulated, pro- 
vides a varying signal corresponding to the black 
and white portions of the picture, a blanking signal 
to render the return trace invisible on the picture 
tube, horizontal sync pulses to initiate the retrace 
of the beam at the end of each line and vertical 
s\nc pulses to initiate the retrace of the beam at 
the end of each picture field. The other signal is 
frequency modulated and contains the transmitted 
sound information. 

These two rf signals are applied to a diode, ei- 
ther a tube or crystal, which produces a rectified 
output that follows the instantaneous peak value of 
the amplitude-modulated picture carrier. The po- 
larity of this output depends upon the design of 
the video amplifier and method of picture-tube 
drive Usually maximum picture carrier (sync- 
pulse modulation ) produces a negative output volt- 
age 

Coincidentally a 4.5 Me signal results from the 
heterodyne beat of the picture and sound carriers 
This signal contains the frequency-modulated 
sound information, which can be further amplified 
and detected in the sound channel. This is known 
as the intercarrier sound system (ICS). 

Following the detector is a video amplifier, 
whii h consists of one or two stages depending upon 
the over-all receiver requirements. An output level 
ol about 100 volts is ordinarily sufficient to assure 
full drive of the picture tube over its modulation 
range. Single-stage pentode amplifiers are gener- 
ally adequate, driving the picture-tube cathode 
with sync positive. A 4.5-Mc trap is included in the 
video amplifier circuit to prevent the appearance 

the intercarrier sound signal on the picture tube. 

For sound reproduction, the intercarrier sound 
•signal formed at the detector is passed through a 
4.5-Mc i-f amplifier, some form of amplitude limit- 
ing, and to an FM detector, which converts the 
^ound carrier modulation to an audio- frequency 
signal. This signal is then passed through an audio 
amplifier to a loudspeaker and converted to acous- 
dc output. 

Automatic gain control. Since television receiv- 
er. like radio receivers, may be subjected to widely 
Varying incoming signal strengths, some form of 
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g the bias on the rf and i-f amplifier tubes as the 
strength of the incoming signal varies. A simple 
form may rectify the peak amplitude of the de- 
tected video signal in an RC load circuit. Under 
noisy conditions, however, its performance is not 
adequate. Improved forms employ an AGC ampli- 
fier and some type of gating circuit. Time gating 
voltage is derived from the horizontal sweep dr- 
cuii during the beam scanning return time. In this 
way the plate current of the ACC amplifier tube is 
time-gated, and most noise pulses on the grid of 
the tube do not affect ACC action. 


Sync separator circuits. Picture synchronizing 
information is obtained from the video signal by 
means of sync separation circuits. In addition, 
these circuits mu.st sepaiate this imormation from 
noise and interference during the reception of 
weak signals, particularly if impulse noise is pres- 
ent. In general, the sync separation circuits per- 
form the following functions: (1) separation, by 
means of amplitude clipping, of the sync informa- 
tion from the picture information; (2) separation 
of the desired horizontal and vertical timing in- 
formation by means of frequency selection, and 
(3) rejection of noise signals that are higher in 
amplitude than sync pulses by amplitude limiting 
or gating (noise suicide) circuits. 

Sweep systems. Two independent sweep systems 
are employed in the vertical and horizontal sweep 
circuits. Each employs a timing generator, gener- 
ally of the oscillatory type, controlled by the syn- 
chronizing information obtained from the sync sep- 
arators. The oscillators are followed by drive and 
waveform-shaping circuits. These are followed by 
power amplifier stages capable of providing the 
currents required by the deflection coils of the 
yoke for picture-tube beam deflection. Substan- 
tially different techniques are required for vertical 


and horizontal scanning. 

Vertical deflection. Generally the vertical oscil- 
lator is of the blocking type operating at approxi- 
mately 60 cycles per second (cps). Its frequency 
is accurately controlled by a signal obtained from 
the sync separator. The output waveform of the 
sync separator consists of a train of pulses repre- 
senting the horizontal and vertical synchronizing 
pulses. When these are passed through a low-pass 
filter or integrating circuit, a saw-tooth-shaped 
voltage wave representing vertical sync is obtained. 
This is applied to the grid of the vertical oscillator. 
A frequency control in the vertical oscillator cir- 
cuit is so adjusted that its free-running frequency 
is slightly lower than the synchronizing signsJ 
frequency. For good interlace it is necessary that 
no horizontal frequency components be included 
in the vertical synchronizing voltage. 

The vertical output stage is generally operated 
* as a class A amplifier (see Power ampliher). The 
yoke is transformer-coupled to the plate of the onl- 
put tube to match the yoke impedance to the outpet 
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tube impedBiice, Since the yoke impedance k 
fMtrdy restive and partly inductive, the voltage 
mrayelorm acroea it is the sum of a saw-tooth and a 
xeetangnlar pulse. The current through the yoke 
haa essentially a saw-tooth waveform, but each saw- 
tooth has a symmetrical S shape to take care of 
picture-tube face-plate geometry and result in a 
linear scan. 

Horizontal deflection. A more complex system is 
required for horizontal scanning. There are several 
basic reasons for this: (1) horizontal sync pulses 
are of much shorter duration than are vertical sync 
pulses; (2) some form of automatic frequency con- 
trol (AFC) of the horizontal oscillator is required 
to average the incoming horizontal sync informa- 
tion and retain accurate phase; and (3) consider- 
ably greater power output is required to generate 
the deflecting yoke fields as well as the high voltage 
(10-20 kilovolts) for the picture tube. 

The horizontal oscillator is generally of the 
blocking type. The frequency of oscillation is de- 
termined both by a time-constant control and by a 
bias voltage derived from an AFC circuit. The AFC 
circuit may be a phase comparator, in which the 
pulses from the sync separator are compared to 
the oscillator output signal. The output of the com- 
parator is a voltage proportional to the phase de- 
parture of the two signals. 

The desired current waveform in the horizontal 
windings of the deflection yoke is a line-frequency 
saw-tooth, possibly modified by the addition of a 
small amount of S curvature to compensate for pic- 
ture-tube face geometry. Energy from the horizon- 
tal driver, or output tube, is normally supplied to 
the yoke (through the horizontal output trans- 
former) only during approximately the last half of 
each saw-tooth period. At the conclusion of the 
saw-tooth period, the horizontal driver is cut off, 
and the energy stored in the form of current 
through the yoke causes an oscillation in the self- 
resonant circuit consisting of the yoke, horizontal 
output transformer, and the associated capaci- 
tances. This oscillation is permitted to continue for 
only one half-cycle, during which time the current 
through the yoke reverses in polarity and attains 
a negative value almost equal to the original posi- 
tive value. The self-resonant frequency of the hori- 
zontal output circuit must be high enough to per- 
mit the full current reversal to be accomplished 
within the horizontal blanking interval. The oscil- 
lation is stopped after the first half-cycle by the 
action of a damper tube (normally a diode), which 
controls the release of the energy stored in the 
yoke in such a way that the current follows the 
desired saw-tooth waveform. In approximately the 
middle of the saw-tooth period, the damper tube 
becomes nonconductive, and the horizontal driver 
tube takes over the task of supplying the energy 
required for the next cycle. 

High-voltage supply. Since the impedance of the 
yoke at horizontal scan frequency is primarily in- 
ductive, the voltage across the horizontal deflection 
windings is essentially constant during active scan. 


During the retrace period, however^ the faa^ 
of current change causes the generiKtion of a high- 
voltage pulse having a shape similav to a half shi^ 
wave and a duration equal to the retrace period. It 
is common practice to employ a step»up winding on 
the horizontal output transformer to raise this so- 
called kickback pulse up to a still higher vohage 
level, commonly about 18 kilovolts (fcv) and to pass 
it through a simple rectifier and filter to serve as 
the high-voltage supply for the kinescope. 

Picture tubes. The display device for a television 
receiver is a cathode-ray tube, consisting of an 
evacuated bulb containing an electron gun and a 
phosphor screen, which emits light when excited 
by an electron beam. The intensity of the electron 
beam is controlled by the video signal, which is ap 
plied either to the grid or the cathode of the elec- 
tron gun. The position of the electron beam is con- 
trolled by electromagnetic fields produced by the 
deflection yoke placed around the neck of the tube 
See KiNEsroPF. 

Controls. Certain ^ntrols are available to the 
user for adjustment of the receiver. These are the 
audio volume, channel selector, fine tuning, bright 
ness, contrast, horizontal hold, and vertical hold 
controls. Other controls, normally mounted on the 
rear of the chassis or under a removable panel, in 
elude height, width, and linearity controls. 

The ON-OFF switch for the receiver is fre 
quently mounted on the same shaft as the audio 
volume control, which controls the gain of the au 
dio channel. The channel selector adjusts the 
tuner’s selective circuits for optimum performance 
at the desired channel, and fine tiinin|^is a vernier 
control for the frequency of the local oscillator 
Brightness is usually a manual adjustment of the 
bias on the electron gun in the picture tube The 
contrqdf control adjusts the level of the video sig 
nal, by some such means as a variable resistor in 
the cathode circuit of one of the video amplifier 
stages. 

The horizontal and vertical hold controls adjust 
the free-running frequencies of the horizontal and 
vertical oscillators to achieve the most reliable 
synchronization with the incoming signal. In both 
cases, the controls may actuall> consist of variable 
resistors in the grid circuits of the respective 
blocking oscillators. 

Vertical linearity is generally controlled by a 
variable resistance in the grid circuit of the verti 
cal output stage, and picture height may be con 
trolled by a variable resistor in the plate circuit of 
the vertical blocking oscillator. The width control 
may be a variable resistor in the screen grid circuit 
of the horizontal output tube, and horizontal lin 
earity may be controlled by a variable inductor 
placed between the damper tube plate and the 
source of plate voltage. 

Color recoivors. Television receivers designed to 
produce images in full color are necessarily more 
complex than those designed to produce mono- 
chrome images only, because additional informa- 
tion must be handled to produce color. In mono- 
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cbnwnc dystenw, the video signal controls only the 
of the various areas of the image. In 
color systems, it is necessary to control both the 
luininw**^ and chrominance of the picture ele- 
ments. 

The chrominance of a color refers to those at- 
tributes which cause it to differ from a neutral 
(white or gray) color of the same luminance. 
While chrominance can be expressed in a great 
variety of ways, it is always necessary to employ 
at least two variables to express the full range of 
chrominance that can be perceived by the human 
eve. In qualitative terms, chrominance may be re- 
garded as those properties of a color that control 
the psychological sensations of hue and saturation. 
For color television purposes^ chrominance is most 
frequently expressed quantitatively in terms of the 
amounts of two hypothetical, zero-luminance pri- 
mary colors (usually designated / and 0). which 
must be added to or subtracted from a neutral color 
of a given luminance to produce the color in ques- 
tion. 

As a practical matter, color television receivers 
produce full-color images as additive combinations 
of red, green, and blue primary-color images, and 
It is necessary to process the luminance and chro- 
minance information contained in a color signal in 
Mirh a way as to make it usable by a practical re- 
producing device. 

Nature of the color signal. Color television 
broadcasts in the United States employ signal spec- 
ihi dtions that are fully compatible with those used 
tor monochrome, making it possible for color pro- 
grams to be received on monochrome receiveis and 
monochrome programs to be received on color re- 
ceivers. (Color pictures are produced, of course. 
onl\ when color programs are viewed through color 
receivers — in all other cases, the images are in 
black-and-white only.) Compatibility is achieved 
b> encoding the color information at the transmit- 
ting end of a color television s>stem in such a way 
that the transmitted signal consists essentially of 
a normal monochrome signal (conveying lumi- 
nance information) supplemented by an additional 
modulated wave conveying chrominance informa- 
tion. Figure 2 shows the major components of a 
(olor television signal. Although it is added di- 
rec tly to the monochrome signal component before 
transmission, the color subcarrier signal does not 
<’duse objectionable interference, because of the 

of the frequency interlace technique. Because 
the chrominance information involves two vari- 
ables. the modulated subcarrier signal varies in 
both amplitude and phase, and it is necessary to 
employ synchronous detectors to recover the two 
variables. A phase reference for the special local 
*^''cillator, which provides the synchronized carriers 
m each color receiver, is transmitted in the form 

so-called color synchronizing bursts. These are 
short samples of unmodulated subcarrier trans- 
mitted during the horizontal blanking periods • 
filter the horizontal sync pulses. See Color tele- . 
VISION. 
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Fig. 2. Waveform sketches showing the ma|or com- 
ponents of a compatible color television signal, (ol 
Normal monochrome signal, (b) Color subcarrier sig- 
nal. (c) Complete color signal. 


Over-all color receiver. A simplified block dia- 
gram for a color television receiver is shown in 
Fig. 3. Many of the circuits in a color receiver are 
the same in principle as the corresponding circuits 
in a monochrome receiver, so it is unnecessary 'to 
redchcribe them in detail. It is important to recog- 
nize, however, that all circuits handling the com- 
|)]etc color signal must be designed for high per- 
hrmance standards. Because the chrominance 
information is received in the form of sidebands 
occupying the upper portion of the video spectrum 
(centered on approximately 3.6 Me), it is neces- 
sary that the antenna, tuner, i-f amplifier, and video 
detector be designed to handle the full 4-Mc band- 
width provided in the broadcast transmission stand- 
ards if degradation of the color information is to be 
avoided. Because the color subcarrier signal is 
simply added to the normal monochrome signal be- 
fore transmission, it is necessary that all stages 
handling the complete signal be linear, so as to 
avoid intermodulation or distortion of the various 
signal components. The deflection circuits for a 
color rei*eiver are similar in principle to those used 
in monochrome receivers, although the output 
stages are normally designed for a higher power 
level because of the greater deflection require-^ 
ments for color kinescopes. 

Color decoding circuits. Special decoding cir- 
cuits arc necessary in a color receiver to process 
the luminance and chrominance information in a 
color signal so that it can be used for the control 
of a practical color kinescope utilizing red, green. 
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Fig, 3. Simplified block diagram of a color television receiver. 


and blue primary colors. The major features of the 
mobt common approach to color decoding circuits 
are shown within the dotted lines in Fig. 3. 

The video amplifier shown at the bottom handles 
the monochrome portion of the signal and is de- 
signed to provide attenuation in the vicinity of 
3.6 Me to block the passage of chrominance infor- 
mation. The chrominance information is recovered 
from the modulated subcarrier signal through a 
bandpass filter (centered at 3.6 Me) and a pair of 
synchronous demodulators, in which the modulated 
wave is heterodyned against fixed carriers of two 
different phases but of the same frequency. In the 
most rigorous type of color decoding circuit, the 
chrominance components recovered from the modu- 
lated subcarrier signal are the same / and Q origi- 
nally used to produce the modulated wave, but it 
is possible to use almost any two phase positions 
(not necessarily 90® apart) to recover any two in- 
dependent combinations of the original / and Q 
signals. The bandwidths of the signals produced by 
the demodulators are normally adjusted some- 
where between 0.5 and 1.5 Me, and delay compen- 
sation may be required to keep all three signal 
components in time coincidence. The matrix circuit 
is essentially a linear cross-mixing network for 
combining the M, /, and Q signals in the proper 
proportions to produce red, green, and blue sig- 
nals. If signals other than I and Q are produced 
by the chrominance demodulators, it is necessary 
only to design the matrix circuit with slightly dif- 
ferent mixing constants. 

The synchronous carriers required for the de- 
modulation of the chrominance information are 


provided by a subcarrier regenerator, which is iisu 
ally a burst-controlled oscillator operating at thi* 
subcarrier frequency. Control information for 
the subcarrier regenerator is obtained from a buN 
separator, which is a gate circuit turned on onI\ 
during the horizontal blanking periodic bv pulses 
derived from the horizontal deflection systeiri 
The i^eparated bursts are compared with the output 
of the local subcarrier oscillator in a phase detei 
tor. If an error exists, a correction voltage is de 
veloped, which may be applied through a reactance 
tube to restore the subcarrier oscillator to the 
proper frequency and phase. For good noise im 
munity, a time constant is normally provided •.« 
that control information is averaged over at least 
several line periods. 

Color kinescope and convergence circuits. The 
great majority of color television receivers emplo> 
the shadow-mask color kinescope, in which color 
images are produced in the form of closely inter- 
mingled red, green, and blue dots. The primar>- 
color phosphor dots are excited by three separate 
electron beams, which are prevented from striking 
dots of the wrong color by the shadowing effect of 
an aperture mask located about % in. behind the 
special phosphor screen. The three beams in such a 
kinescope are all deflected simultaneously by the 
fields produced by a single deflection yoke placed 
in the conventional position around the neck of the 
tube. It is necessary, however, to provide an auxu- 
iary deflection system to maintain convergence of 
the three beams in all areas of the viewing screen, 
so that the primary-color images are properly W 
istered. A special convergence yoke is commonly 










placed around the neck of the kinescope, just 
ahead of the electron guns; this yoke has separate 
(•oils for electromagnetic control of the positions of 
the three beams. Appropriate waveforms for the 
.onvcrgcnce yoke coils are derived from the basic 
deflection wavrforms. In general, each conver> 
genre coil requires a different combination of saw- 
tooth and parabolic waveforms at the horizontal 
and vertical scanning frequencies. 

In other types of color kinescopes, not yet devel- 
oped commercially, the need for convergence cir- 
Liiitb may be eliminated by the use of a single-gun 
approach. Such alternative kinescopes may have 
other special requirements, such as precise posi- 
tion control of the single beam or special gating 
for the video signal. 

Controls, In addition to the same controls re- 
quired for monochrome receivers, color receivers 
normally have controls for convergence, hue. and 
saturation. The convergence controls, considered 
s(*r\jring adjustments only, adjust the relative am- 
plitudes and phases of the signal components that 
arc added together to form the proper waveforms 
for the convergence yoke. The hue control usually 
ad|U»*ts the phase of the burst-controlled oscillator 
and alters all the colors in the image in a systeni- 
aiic manner comparable to the effect achieved 
i\[icn a color circle diagram is rotated in one direc- 
tion oi the other. The proper setting for the hue 
control is normally determined by observing skin 
[ones on at tors and actresses. The saturation con- 
trol frequently labeled ihroma or simplv color, ad- 
justs the gain of the chrominance circuits relative 
to the monochrome channel and controls the salura- 
iion or vividness of the reproduced colors. When 
this control is set too low, the colors are all pule or 
pastel, and when it is reduced to zero, the picture 
is seen in black and white only. | ( .M s ; j w WN.] 

Bibliography: S Deutsch, Theory and Dengn 
of Television Receivers, 1951; D. C. Fink, Televi- 
sion Engineering, 2d ed., 1952; J. W. Wentworth, 
Color Television Engineering, 1955. 

Television scanning 

The process of scrutinizing the brightness of each 
element of detail contained in the image of a scene 
to he transmitted by television. In monochrome 
television, the process is instrumental in converting 
the brightness of each individual element so scru- 
tinized into a unique voltage-time response suitable 
for transmission. In color television, the brightness 
variations of each scene are first separated by red, 
Rreen, and blue filters, after which the conversion 
from brightness to voltage on a time basis 0 (;pur» 
separately for each of the three color®. Sca'nning 
slso takes place in the receiver in exact synchro- 
nism with the camera tube scanning, and synchro- 
nizing signals are transmitted for that purpose 
Television). 

Interlaced scanning. An image is analyzed by 
scanning it according to a fine structure of parallel, 
nearly horizontal lines called a scanning raster. 
The complete raster is rectangular in shape. Scan- 
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ning may be done conventionally by slatting at the 
upper left-hand corner along line 1 and moving 
toward the right at constant speed. At the end of 
line 1 a quick return is made to the left-hand side 
to start the scanning of line 2, again moving toward 

e right. When all lines have been scanned In this 
way, from top to bottom, the process is repeated by 
returning quickly to the upper left-hand comer to 
line 1. If all the lines are scanned in sequence, the 
process is called sequential scanning. 

A variation of this kind of scanning, called inter- 
laced scanning, is used in television practice to 
conserve bandwidth in the transmission system 
without introducing intolerable flicker. Flicker is a 
function of the frequency of repetition of coveiage 
of the raster. With interlaced scanning alternate 
(odd-numbered) lines are scanned first, and the 
remaining (even-n umbered) lines are scanned 
next. The entire raster area is cove td or scanned 
twice. Therefore, the picture repetition rate for 
interlaced scanning is twice that of <«eqiientiBl 
scanning, which is at the same velo( itv along ea<‘h 
line, and a corresponding reduction in the sensa- 
tion of flicker is obtained. This is called double 
interlacing and is standard in all broadcast tele- 
vision systems. The entire rnster is covered 30 
limes per second, therefore, the picture area is 
scanned 60 times a second. 

Lines and frequency of scanning. The stairdards 
require that 15,750 lines be scanned per second. 
With a vertical scanning rate of 30 times a second, 
there are 525 lines allocated to each frame and 
262 5 lines to each fiejd Each line is 63 49 micro- 
seconds (/jsp< ) in duration. A finite period of time 
IS required to return the scanning beam of elec- 
trons in the camera or picture tube to die left 
edge of the scene for the next line. This period, 
blanking or retrace time, requires 16 18% of the 
total line time or 10 16 11.43 /jsec. Similarly. 
7.5 8% of the vertical field period, or 1250 1333 
/jise< , is required for the scanning beam to return 
to the top of the picture This is the equivalent of 
about 21 lines of time Blanking circuits prevent 
the transmission of brightness variation^^ during 



first field — — - — second field 


The scanning sequence for Interlaced scanning. The 
spacing between the lines Is enormously exaggeroted. 
(from f . £. Torman, Ehcfronic and Radio Bnginaaring, 
MeGraw^HiH, 195$) 




lii^ lioriaoiital and vcrtiisal retrace intervals. 

ISfce Beanaing process is shewn In the illustration, 
line 1 beigine at the top center of the image. The 
iMnn proceeds for half a line to the right edge. 
Retrace to the left occurs, and line 3 follows. At 
die right end of line 3, one and a half lines have 
been scanned. Line 5 and successive odd-numbered 
lutes are scanned, for a total of 241.5 lines, ending 
at the lower right corner. Twenty-one lines elapse 
during the vertical retrace interval while the scan- 
ning beam is moved to the upper left corner, plac- 
ing it in position to start scanning line 2. This 
completes one full field. Then, 241.5 successive 
even-numbered lines aie scanned, ending at the 
middle bottom of the scene. Again 21 lines elapse 
for vertical retrace, during which time the scanning 
beam is returned to the top renter of the scene. 
This completes the second field and a full frame. 
The sequence then repeats. 

Resolution. The resolution of a television system 
is a measure of its ability to reproduce fine detail. 
It is measured in terms of the number of lines ap- 
pearing in the repioduted image of a test pattern 
at the output of a system. The diameter of the elec- 
tron scanning beam in the camera tube limits the 
resolution. The smaller the spot, the higher the res- 
olution. The frequency bandwidth / also limits 
resolution in the following mannei 
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where n is the number of lines and / is in mega- 
cycles (Me), The resolution is 320 lines when the 
bandwidth is 4.0 Me A camera tube may have a 
resolution of 800 lines, but bandwidth limitations, 
notably in the transmitter, will reduce that figure 
to about 300. See Tli i* vision standards. 

Color coding. A color television camera has 
separate tubes for red. green, and blue, each of 
which scans in the same manner as for mono- 
chrome. The three c^ameru signals are combined in 
a colorplexer into a single signal containing both 
luminance and chrominance information See 
Color ifievision. fR< k 1 

Television standards 

Numerical and graphical criteria which describe 
essential aspects of a television system, employed 
in the design and operation of equipment to assure 
that the various parts of the system (studios, 
transmitters, networks, and receivers) will operate 
in cooperathe fashion at maximum performance. 
Television s>Htems have a special need, compared 
with other communication systems, for definitive 
standards because television transmitters and re- 
ceivers must operate in a precise “lock-and-key” 
relationship. In particular, the scanning of the 
image in the camera must be matched by the scan- 
ning in every associated receiver within a timing 
precision of approximately one-tenth of a millionth 
of a second, and with relative positions of picture 
details correct to a few thousandths of an inch. 

To assure that any television receiver can re- 
ceive programs from any transmitter within range. 


it is customary to set up a single 4et of stondarti 
within a group of neighboring coljluitHes. The ^ 
terns of Mexico, the United Stamps, Canada 
Cuba operate on one such set of standards, th ^ 
of Europe (except in England and France and^ 
certain transmissions in Belgium) also conform T 
a single set of studards, which differ in, detad 
from those used in North America. Television 
standards are promulgated, and conformity to then! 
by television stations is legally enforced, by govern, 
mental agencies having responsibility for com- 
munications systems in the respective countries 
In the United States the responsible agency is the 
Federal Communications Commission. Conformit> 
is not usually enforced in the case of television re- 
reiver design, but is assured by the desire of de 
signers to make best use of available signals. 

Television standards are of two kinds. Trans 
mission standards describe the signals radiated b\ 
television transmitters and their relation to the 
intended visual artd aural content of the program 
Allocation standards define the manner in whi(h 
the radiated signals occupy the radio spectrum 
These affect primarily the distances over which 
television stations provide satisfactory service m 
the presem e of interference from transmitters, re 
reivers, and other sources. 

Transmission standards. These standard^ 
primarily affect the quality of picture repioduc 
turn They include scanning, modulation, and chan 
nel standards. 

Scanning standards. The limit of pictorial ex/el 
Icnce is established by scanning standards whuh 
define the number of lines into whicjn the image is 
dissected in the scanning process, the pattern in 
which the scanning lines are laid down, the number 
of picture scans completed per second, the dirci 
tioTv^ in which scanning proceeds, and the ratio (d 
the picture width to its height. 

The number of lines must be sufficient to provide 
a fine enough picture structure to satisfy the e>e af 
normal viewing distances. Values of 405, 52S, 62S 
and 819 lines per picture are standardized in van 
ous countries. The standard in North America 
525 lines. This number is the total of all the lateral 
traverses in the scanning pattern from the be 
ginning of one picture to the beginning of the next 

Only about 90% of the total number of lines is 
actually visible in the reproduced image, since 
some aie blanked out in the interval between pu 
lure scans and others are hidden by the mask which 
frames the picture tube. The horizontal scanning 
direction, standardized throughout the world, 
from left to right along each line, and the vertical 
direction is from the lop to the bottom of the pic 
lure. 

The number of pictures scanned per second is 
chosen to assure the illusion of smooth motion 
further consideration, to simplify receiver deagn* 
is that this number should he one-half the ®**®*^* 
nating-current frequency of the electric power sys- 
tem. In North America, 60-cycle power 
nates, and the number of pictures per second is 



dandardtod at 30; in Europe, 50-cycle power is 
atandard is 25 pictures per second. 
Higher numbers of pictures per second are not 
ohoscn, since this would require more space in the 
radio spectrum for each station for otherwise 
equally excellent picture quality, 

Vben the pictures are scanned at 25 or 30 per 
second, flicker is evident unless precautions are 
taken. To avoid flicker, the viewing screen is il- 
luminated twice during each picture scan. This is 
accomplished by interlaced scanning. See ThLE- 

VISION SCANNING. 

The aspect ratio is the ratio of the picture width 
10 Its height, as scanned within the camera. This 
ratio must be matched by receivers if the repro- 
duced objects are to have the correct relative 
heights and widths. The standard aspect ratio 
throughout the world is a picture 4 units wide and 
3 units high. This value was chosen to permit efli* 
,ient use of standard motion picture film which, 
prior to the advent of widescreen techniques, was 
defined as 4 by 3 units. 

Modulation standards. This second group of 
iran'^mission standards defines the method liy which 
lh( M)und and picture information is carried hy the 
rp«<pe(livp radio carrier signals. Frequency modula- 
tion IS used for the sound transmission (except in 
England. France, and in some transmission in 
lielgium, where amplitude modulation is used), 
llip sound standards define the maximum devia- 
tion of the carrier frequency and the amounts of 
preemphasis given to the higher audio frequencies. 
The pidiire information is universally transmitted 
H\ amplitude modulation, using vestigial sideband 
transmission ( see Amputudf modulation) 

Of greatest significance among the picture mod- 
iildtion standards is the maximum video sideband 
freifuencj which is radiated by the transmitter. 
This value determines the fineness of the picture 
"iriKture along each line (horizontally) and this 
mu*^t match approximately the fineness of the 
lertnal structure determined by the number of 
Manning lines. The maximum video frequency is 
'tandardi/ed at 3 megacycles (Me) for the British 
4()S-linp system, 4 Me for the American 525-line 
^'«tem. 5 Me for the 625-line European system, and 
104 Me for the 819-Iine French and Belgian sys- 
,Ser Tj.levision. 

The polarity of picture modulation must also be 
‘'tandardized. In negative modulation, used in the 
Win an and European systems, the power of the 
transmitter decreases as the sc'cne becomes 
linghter. Positive modulation (power and bright- 
increase together) is used in England^ France, 
and partially in Belgiu|n. Receiver designers must 
the polarity standard of their region ; other- 
the pictures would be reproduced with tonal 
, 'values reversed, as in a photographic negative. To 
tyaximize coverage for given transmitter power, 
ine power level corresponding to full black (ab-* 
^nce of light) in the scene is maintained constant ;, 
ikis standard is known as dc transmission and is 
throughout the world. 
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n, rigidly related to this subcarrier frequency, 
me color modulation standards specify the rela- 
tionship between the relative intensities of the 
three primary colors and the reference while, and 
the corresponding amplitude and phase modula- 
tions of the color subcarrier. The chromaticities 
(color coordinates specifying hue and chroma) of 
the three primary colors and the reference white of 
the system are also standardized, as are the fre- 
quency limits associated with the subcarrier modu- 
lation ( omponents. 

(^hannol standards. This final group of trans- 
mission standards specifies the frequency limits of 
the station channels and the manner in which the 
transmitted signals oct upy the channels. The chan- 
nel width must accommodate the maximum video 
sideband frequency as one sideband, plus a ves- 
tigial portion for the other sideband, plus room 
for the sound transmission and guard bands lo 
prevent interference. Accordingly, the total chan- 
nel width isS 5 Me for the 405-line British system, 
6 Mt for the 525-line A meric an system, and 7 Me 
for the 625-line European syhtem. The French sys- 
tem, which provides additional space for video 
modulation and giiaid hands, uses a 14-Mc channel. 

Allocation standards. These standards define 
minimum and maximum transmitter powers in 
relation to antenna towc^i heights as well as re- 
quired or permissible signal strengths at specified 
distances. Also specified are the minimum separa- 
tion in miles and the minimum frequency separa- 
tion between channels among stations which serve 
a given region or which are otherwise capable of 
causing mutual interference. In the United States, 
to avoid interference between receivers (the local 
oscillators of which can radiate interfering signals 
through the receiving antenna), standard values 
of intermediate frequency and local oscillatolr fre- 
quency are assumed in the allocation plan. These 
are closely adhered to b> receiver de'^igners. In the 
United States, the minimum effective radiated 
transmitter power is specified from 1-50 kw de- 
pending on the population to be ‘erved. Maximum 
powers from 100-5,000 kw are specified, depend- 
ing on the channel used, the height of the antenna 
tower, and the geographical region in which the 

station is located. , 

Equipment standards, to assure compliance wiUi 
the transmission and allocation standards, are also 
set up by government regulation and have hem 
adopted, with suitable safety factors, by the^trafc 

D. G. Fink (cd.). Television En- 
gineering Handbook, 1957. 
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Televiskm studio 

The bauc facilities required in television studios 
itre a lighting system, cameras, microphones, 
means for handling and supporting scenery, pro- 
duction aids such as cuing devices and titling 
machines, and a communications system between 
the control room and the studio. 

TV studios range in size from small special-pur- 
pose studios, about 20 by 30 ft, used for such pro- 
grams as news and weather, to large production 
studios, such as those used for elaborate dramatic 
shows. Some of these large studios are 80-100 ft 
wide and 150-200 ft long. Theater-type studios are 
used for shows with a studio audience. 

High ceilings are desirable, and ceiling heights 
in excess of 30 ft are not unusual. High ceilings 
permit scenic elements to be changed quickly by 
hoisting one unit out of the way and lowering an- 
other. Lighting fixtures are also hung from the 
ceiling and may be raised or lowered. 

Studio noise must be kept to a minimum. The 
side walls and ceilings are usually treated with 



Fig. 1 . General-purpose studio. (Radio Corporatior 
of America) 



Fig. 2. Lighting control panel. (Radio Corporation of 
America) 


sound-absorbent material to improve the acoustics 
and to reduce the intensity of unwanted noise. Air 
conditioning equipment must be designed and ia. 
suited to rigid specifications for the control of 
noise. 

Figure 1 shows a typical general-purpose studio. 
A microphone boom is used to position the micro^ 
phone for best sound pick-up and also to keep the 
microphone out of camera range. The two mono- 
chrome cameras may be moved about on the small 
rubber-tired wheels. Where more extensive camera 
movement is anticipated, pedestal- or dolly, 
mounted cameras are used. See Television cam 

ERA. 

Studio lighting. The somewhat limited contrast 
range of the television system places special eni< 
phasis on television lighting (see Television 
CAMERA turf). The scene will be transmitted faith 
fully only if the contrast range established by the 
lighting is within the capabilities of the television 
equipment. Small studios may have 25-50 lighting 
outlets each with a >^maximum capacity of about 
1000 watts. Large color studios often have as many 
as 1000 outlets with capacities of 2-5 kw or more 
In all but the smallest studios, the individual light 
ing outlets are fed from a distribution system that 
permits individual lights or selected groups of 
lights to be connected to a single dimmer or switch 

Figure 2 shows a lighting control panel Some 
distribution systems use groups of rotary switches 
to connect the outlets to the required dimmer or 
switch, others use a patch panel arrangement 
where the connections are made by oversi/ed jack- 
and plugs, somewhat like a telephone switchboard 
In the small and medium-sized studios the dimmer^ 
are usually manual autotransformers Where a 
large number of lighting changes and dimming and 
switching operations are required, as in large color 
studiofjf, lighting consoles are used. Keys actuate 
remote-control circuits, sometimes through mag 
netic amplifiers, to perform the required dimming 
and switching operations The console arrange 
ment brings all the lighting control functions to 
a central point so that closer cooperation can he 
achieved. 

Control room. The control room should afford a 
good view of the studio floor. One fairlv tvpical 
layout has the control room floor arranged in two 
levels. The program director, the technical director 
and the audio engineer are seated at a long console 
at the higher level, which provides a good view of 
the studio. They also have an unobstructed view of 
the camera monitors, which show the scenes being 
picked up by all the cameras, and the line, or 
program, monitor which shows the picture actualh 
being transmitted at that instant. An intercom- 
munications system is provided so that each di 
rector may contact any or all of his staff on the 
studio floor. 

A video switching unit, located at the technical 
director’s position, is used to switch the cameras 
and introduce the transitions between scenes, such 
as lap dissolves, superimpositions, or othe^ 



tronic effects. The audio engineer operates the 
audio console, mixing the electrical output of the 
microphones to ^vc the desired audio signal, and 
directs the activities of the microphone boom op- 
erator, through the intercom system, to obtain the 
best possible sound pickup. 

The video control engineers, located at the lower 
level, make the necessary electronic adjustments 
tQ the camera circuits to maintain high-quality 
pictures. 

Signal tfgnsmissioni The audio and video signals 
from the control room may go directly to the trans- 
mitter or may go to a master control room where 
signals from other studios are also available. When 
the transmitter is located away from the studio, 
the audio and video signals may be sent to the 
transmitter by microwave circuits, or the audio 
s,ignals may be sent to the transmitter by leased 
telephone lines and the video signals sent bv leased 
coaxial cables or microwave circuits. [g.k.c.I 

Bibliography: R. Bretz, Techniques of Television 
Production^ 1953; H. Chinn, Television Broad- 
casting, 1953; R. J. Wade, Staging TV Programs 
and Commercials, 1954. 

Television transmitter 

That part of a television system which converts the 
aural and visual components of a television pro- 
gram from energy in the audio- and video-frequency 
range to modulated radio-frequency energy capa- 
ble of being radiated from an antenna. The term 
!•' also applied in a broader sense to a television 
transmitting station, including the transmitter as 
defined above, the transmitting antenna and trans- 
mission line, the tower or antenna support htnic- 
tiire, the aural and visual input and monitoring 
equipment, and the building in which the transmit- 
ter and equipment are housed. The term is some- 
times incorrectly applied to a television station, 
which includes cameras and studios. 

A television transmitter is required to handle 
both visual and aural program components simul- 
taneously. Therefore it usually consists of two 
transmitters, which function together but are quite 
different in design and operation because of differ- 
ences in bandwidth requirements and method of 
modulation. Signals from the two units are nor- 
mally combined in a diplexer and fed into and ra- 
diated from a common antenna. 

Signal characteristics. The characteristics of 
Mgnals and radiations from a television transmit- 
ting station are specified, in the United States, in 
all essential detail by the rules and regulations of 
the Federal Communications Commissipn. Full 
specifications can be found in Subpart E, Section 3 
of the FCC Rules and kegulations. 

The visual signal is an amplitude-modulated sig- 
nal with the upper sideband energy extending to 
4.2 megacycles (Me) above carrier frequency and 
the lower sideband extending to approximately % 
Mr below carrier frequency. Beyond these limits, 
the sideband energy is reduced at least 20 db. Neg- 
ative modulation is used, so that an increase in pic- 
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modulation of the visual carrier. 


tore brightness produces a reduction in output 
power. The relation between video signal levels and 
modulation of the visual transmitter is shown in 
Figure 1. 

The aural signal is a frequency modulated signal 
with maximum deviation of 25 kilocycles (kc). 
Maximum audio modulating frequency is normally 
not in excess of 15 kc. The aural carrier is at a 
frequency 4.5 Me above that of the visual carrier. 
This standard spacing permits the use of intetcar- 
rier sound reception, which avoids the precise tun- 
ing that might otherwise be required in the TV 
receiver. See Televi.sion standards. 

TV transmitters can be divided by output fre- 
quency and design characteristics into three 
groups, low-vhf (channels 2-6), high-vlif (channels 
7-13), and uhf (channels 14-83). The transmitters 
in each group are designed with tubes and circuits 
suitable for operation at the proper frequency 
range. 

Transmitter power. The power of signals radi- 
ated from a television station is specified in terms 
of effective radiated power (ERP). This is deter- 
mined by multiplying the transmitter output power 
by the antenna power gain and the efficiency factor 
of the transmission line to the antenna. 

Stations licensed in the United States to operate 
in the low-vhf channels are normally authorized an 
ERP of 100 kilowatts (kw). With antenna gain cus- 
tomary for this frequency range, visual transmitter 
power is usually between 10 and 35 kw. For high- 
vhf channels, the maximum authorized power is 
normally 316 kw ERP. In this case, the visual trans- 
mitter power is usually between 20 and 50 kw. Fbr 
uhf stations, the authorized power may be as high 
as 5000 kw ERP. Transmitter power in the uhf 
channels is usually limited by other considerations, 
however, and may range from 1-60 kw. 

Television transmitter power is normaUy speci- 
fied as the rating of the visual unit. This is giveti 



to terns el peek* or meximum, power output, which 
to rMvaml treiumussion exists only during maxi- 
mom exeorston of synchronizing pulses. The aural 
tranaiiiitter fmwer, which is measurable on a con- 
Itoooiis rms basis, is normally half the visual rat- 
ing. For example, a 50-kw television transmitter 
would have a peak visual power output of 50 kw 
and an aural power output of 25 kw. When trans- 
miutog a visual signal at blanking level with stand- 
ard synchronizing pulses, the average visual power 
is slightly more than 30 kw. With normal picture 
transmission instead of blanking (or black level), 
the average power is from 10 to 15 kw. On both 
of these conditions, the peak visual power (on sync 
peaks) is 50 kw. 

TV antennas. Antenna power gain is determined 
by the size and design of the antenna and is usu- 
ally higher on the ultra-high frequencies and the 
high-vhf channels than on the low-vhf. Antenna 
gains range from approximately unity (gain of a 
dipole) to gains of 50 on the uhf band. 

All television broadcast signals are horizontally 
polarized in the United States, meaning the signals 
are polarized in the same manner as those from a 
dipole in a horizontal position. This is considered 
advantageous in minimizing interference at the tel- 
evision receiver from automobile ignition and other 
impulse-type interferences, which seem to be at a 
maximum with vertically polarized reception The 
radiation pattern of a television transmitting an- 
tenna is usually circular, in order to provide equal 
service in all directions from the station. Cam is 
achieved bv concentrating the energy in the hori- 
zontal direction. 

Transmitter description. A representative me- 
dium-power television transmitter as used in the 
United States is shown in the block diagram of 
Fig. 2. 

The visual modulator operates from a standard 
monochrome or color signal. This signal is ampli- 
fied and used to gnd-modulate the rf amplifier 
stage in the visual transmitter Keyed clamp-type 
dc insertion is employed in the modulator to estab- 
lish the correct radio-frequency levels in terms of 
the relative video levels (acc Clamnnc riiuiin). 
Provisions have been made for a limited amount of 
sync stretching and white expansion to correct for 
minor nonlinearity in the maximum and minimum 
modulation region. 

The visual exciter consists of a crvstal osciHalor- 
doubler, a second doubler, a third doubler, and a 
tripler (see Frequlncy mitliiplifr). The output 
frequency is the 24th harmonic of the crystal fre- 
quency. A small variable capacitor shunted across 
the crystal is provided for making small adjust- 
ments of the oscillator frequency to bring it into 
exact agreement with the station monitor, 

Three intermediate stages of power amplification 
are employed beyond the exciter multipliers. The 
second interstage power amplifier also serves as 
the modulated stage. This stgge operates as a 
grounded-cathode amplifier employing grid modu- 
lation (see Amputude modulator). Voltages on 


this and subsequent stages are regulated to main, 
tain relative power levels. 

The final amplifier, or output stage, employs a 
single tetrode operating in a grounded-grid or grid, 
separation circuit, with electronically regulated 
screen-grid voltage. The double-tuned output cir. 
cult is adjusted in normal operation to have a flat 
response over a bandwidth of approximately 5 Me 
This is achieved by careful adjustment of the 
reactance and coupling in the output tuned cir 
cults. 

The filament of the output tube is operated from 
a dc source, current being supplied from a mx. 
phase half-wave rectifier employing high-current 
germanium rectifiers. 

Aural modulation is achieved by a form of pulse- 
position modulation (see Pulse modulation) A 
crystal oscillator at approximatelv 200 kc deliver^ 
a saw-tooth wave, which is modulated and differ 
entiated, thus producing a pulse varying in posi 
lion, or time, with modulation. The phase modula 
tion thus generated w multiplied many times with 
the multiplication of the original frequency to the 
aural carrier frequency. Frequency modulation iv 
created as a result of correction to the audio fre 
qiiency respon«-e of the phase modulator, such as to 
be inversely proportional to frequency up to 15 kc 

The aural rf amplifier circuitry is identical to 
the visual section with the exception of the elinii 
nation of an rf stage (the modulated if stage m 
the visual section) Power output of the aural 
transmitter is 5 S kw 

This transmitter can he connected to the antenna 
through the vestigial sideband filter and a diplexer 
(combines visual and aural outputs) or it can be 
used as a driver for a 50-kw amplifier. The vestigial 
sideband filter attenuates the lower sideband ener 
gy to avoid interference to the next lower channel 
Transmitter requiremertts for color. Tlie 
method of color transmission developed and 
adopted for use in the United States is known a*' 
compatible color system This term, while applving 
principally to the receiver, also has meaning foi 
other parts of the system. A television transmitter 
satisfying color requirements will also be satisfai 
torv for blac k-and-white transmission. 

The system uses the same 525 lines per frame 
and essentially the same 30-cyrle frame rate as the 
monochrome system. It includes chrominance infor 
mation, which is modulated on a 3.58-Mc carrier 
and added to the normal picture brightness or lu 
inmance signals. 

The main points of difference between require 
ments for the transmission of color and those for 
black and white are in the degree of uniformity m 
the frequency versus amplitude response charac 
teristics, the amount of nonlinearity as a function 
of amplitude (measured as differential gain), 
the amount of variation in phase of the chromi- 
nance carrier (3.579545 Me) as a function of am- 
plitude (measured as differj^tial phase). The fre- 
quency versus amplitude characteristic must to 
uniform to a degree not essential in black-snd- 



wbUe transmiBSion in order to maintain a standard 
relationship between the luminance and chromi- 
nance components of the signal. Phase correction 
18 applied to the visual transmitted signal to com- 
pensate for envelope delay distortion introduced 
by the band-pass characteristics of the transmitter 
and receiver. Reasons for these requirements are 
rlearcr if the methods by which color is generated 
and transmitted in the compatible standard system 
are understood. It is also required that greater at- 
tenuation be applied in the vestigial sideband filter 
to the lower sideband in the chrominance region 
(2 33 Me below the band edge). This is to avoid 
interference on the adjacent channel as a result 


Tolovidiovi 

of the high^ energy level at these frequencies 
, when transmitting color. See CoLoa TELEVlStOH. 

Stamdanls in ollmr cmmtriM* The lelevtaion 
transmitter is to a much lesser degree limits to 
the system for which it was designed than certain 
other parts of the system, such as cameras and syn- 
chronizing generators. A transmitter suitable for 
use on the United States 525-line, 60-field system 
would also serve with little adjustment or modifica- 
tion for the European 625-line, 50-field system. The 
bandwidth and modulation requirements are quite 
similar. It would not, however, serve without sub- 
stantial modification for the English 405-line, 50- 
field system because the modulation in the English 
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tystem Ib positive rather than negative and the au- 
ral channel is amplitude modulated rather than fre- 
quency modulated. See Television, [r. m. morris] 

Bibliography: D. G. Fink (ed.), Television En- 
gineering Handbook^ 1957. 

Telex 

A teleprinter exchange service furnished to sub- 
scribers locally and internationally by telegraph 
organizations in America, Europe, Africa, and the 
Far East. 

When operated with direct dialing through auto- 
matic exchanges, users may obtain direct send and 
receive teleprinter connections with each other in 
seconds, at charges based on time and distance as 
recorded by automatic registers at central offices. 
Users also may send or receive telegrams via pub- 
lic message facilities at message rates. 

Subscribers’ equipment may be arranged to pre- 
pare and transmit from perforated tape and to re- 
perforate in tape as well as to print incoming mes- 
sages. 

Most Telex operation is characterized by auto- 
matic answer-back with positive machine identifi- 
cation codes for all subscribers. This allows 24- 
hour service with receiving teleprinters unattended. 

A typical answer-back or identification device is 
built into each teleprinter as illustrated. It is a 
cylindrical drum which will transmit 19 characters 
of teleprinter code to identify the subscriber’s 
name and city as listed in a Telex directory. Either 
a trigger key marked here is or a signal from a 
distant teleprinter key marked who are you will 
activate the drum. 

Having initiated a call and dialed the desired 
number, a subscriber of an automatic system sends 
the WHO ARE YOU signal to obtain automatically a 
printed record of the abbreviated name and city of 
the distant station, thus insuring that the connec- 
tion is correct. He then presses the here is key to 
identify his own station and transmits his message. 

Telex systems provide listing information and 
other central office supervisory services and include 



Automotic answer-back device used in teleprinter ex- 
change service. 


busy-line and stop signals, low paper safeguard 
and automatic transmission testing facilities. 5^^ 
Telegraphy; Teletypewriter exchange (TWX) 
SERVICE. [g. HOTCHKISS] 

Bibliography: C. J. Colombo, Tdlex in Canada 
Western Union Tech. Rev.^ 12(l):21-27, 1958; 
P. R. Easterlin, Telex in New York, Western Union 
Tech. Rev., 13(2) :45-56, 1959; General Secretariat 
of International Telecommunication Union, Telex 

Statistics (annually), 1955 ; D. M. Rogers, The 

London Telex engineering control. Post Office 
Electrical Engineers* Journal, vol. 51, pt, 1, 1958. 

Tellurium 

Chemical element number 52, tellurium, Te, has a 
chemical atomic weight of 127.61. The per cent 





abundances of the stable isotopes in natural tel- 
lurium are Te^=«, 18.71%; Te'“«, 31.799? ; Te^''*, 
34.49%; Te'-'*’, 0.08%; Te‘*'-, 2.46%; Te*‘\ 
0.87%; Te*-*», 4.61%; and Te'-'\ e?99%. Tel- 
lurium was first isolated by J. F. M. von Reicheii- 
‘stein in 1782. 

Natural occurrence. Tellurium makes up up- 
proximCtely 10"'*% of the earth’s igneous rock. It 
is found as the free element in central Europe, 
Colorado, and Bolivia, and occurs with selenium in 
Sulfur deposits in Japan. It is more often found as 
the tellnrides sylvanite (graphic tellurium), (Ag. 
Au)Te2; nagyagite (black tellurium), (Ag, Pb)2 
(Te, S, Sb).i; hessite, Ag^Te; tetradymite, Bi-Tcj; 
altaite, PbTe; coloradoite, HgTe; and other silver- 
gold tellurides, as well as the oxide TeO-j, tellurium 
ocher. Tellurium is also recovered from the anode 
slimes obtained during the electrolytic refining of 
copper. 

Prtparatfon of the element. The extraction of 
tellurium is carried out by the digestion of tellu- 
rium-containing materials with hot concentrated 
sulfuric acid (or hydrochloric acid, for some ores) 
to convert the material to the tellurite (TeOa 
followed by treatment with sulfites or sulfur diox- 
ide: 

HsTeOa + 2SO2 + H2O Te + 2H2SO4 

Tellurium can also be deposited on a lead cathode 
from a solution of Te02 in hydrofluoric and sulfuric 
acids. 

Properties of the element. There are two im- 
portant allotropic modifications of elemental tel- 




luriura, the crystalline and the amorphous forms. 
The crystalline form has a silver-white color and 
metallic appearance and is isomorphous with gray ' 
selenium B. The electrical conductivity of this form 
is extremely low, and is increased by the presence 
o{ small quantities of impurities. Light causes 
only a small increase in electrical conductivity. 
This form melts at 449.8®C and boils at 1390®C. It 
has a specific gravity of 6.25, a hardness of 2.5 
on Mohs scale, and a Trouton constant of only 
13.2. It is insoluble in all solvents which do not 
react with it, and its molecular weight at room tem- 
perature is not yet known. Between 1400 and 
1800® C, its formula is Te 2 , and the Te-Te distance 
it!. 2.6 A. The amorphous form (brown) has a 
.specific gravity of 6.015. A red colloidal sol of tel- 
lurium in water can be obtained by the reduction 
of telluric acid with hydrazine. 

Tellurium burns in air with a blue Hame, form- 
ing tellurium dioxide, TeOo. It reacts with halogens 
hut not sulfur or selenium, and forms, among other 
products, both the dinegative telluride anion 
(Te ) which resembles selenide, and the tetrap(*si- 
five tellurium ration (Tp‘+) which resembles 
platinum (IV). 

Uses. Tellurium is used primarily as an addi- 
tive to steel to increase its diictilJty. as a brightener 
in electroplating baths, as an additive to catalysts 
for the cracking of petroleum, as a coloring ma- 
terial for glasses, arid as an additive to lead to in- 
\ rease its strength and corrosion resistance 

Principal compounds. Hydrogen telluride 
(HjTe) is the onlv known hvdride of tellurium. A 
(olurless gas with an even more offensive odor than 
hvdrogen selenide, it is at least as toxic as this 
substance. It melts at — 5l.2°C. boils at — 1.8®C, 
and is less stable thermally than the hvdrides of 
oxygen, sulfur, and selenium, although it is a 
stronger acid in water than these hydrides. The 
li(fiiid form has a slightly yellow color, and the 
Milid is colorless. The specific grayit> t . the liquid 
at its boiling point is 2.6.50. The compound is de- 
« omposed by light, especially when moist, and it 
ran be prepared by the action of acids on metallic 
tellurides, especially aluminum telluride, ALIe^. 
Normal tellurides (for example, Na 2 Te) are known 
and are leas stable than the corresponding selenides 
toward heat. They are strong reducing agents in 
solution and will reduce tellurite to free tellurium. 
The alkali tellurides are soluble in water and are 
attacked by oxygen to give dark red poIytelliiride»f 
(for example, Na^Tea). Heavy metal tellurides 
are generally insoluble in water. , 

Halides. Tellurium hexafluoride, TeF^.. is a color- 
less gas which is formed from the elements; it 
melts at -37.8®C and sublimes at -.38.9®C and is 
slowly hydrolyzed by water: 

TeFe + 6H2O 6HF + HeTeOo 

The compound is more reactive than either its 
selenium or sulfur analog. Reports have been made 
of lower fluorides, especially tellurium tetrafluo- 
ride, TeF 4 and TeaFy)- Tellurium oxyAporidc, 
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TeOF^'^HaO, is a white crystaUine material 
formed from anhydrous hydrogen fluoride and tel* 
lurium dioxide (other oxy halides are not wdl 
characterized) . 

Tellurium tetrachloride, TeCU, is formed by the 
action of tellurium on excess chlorine, SaCIs, or 
AsCl-j; it is a white hygroscopic crystalline sub- 
stance which boils at 390®C and melts at 225®C; 
its vapor is monomeric and orange-red up to 500®C, 
and it has the electrical conductivity of a salt at 
elevated temperatures; it is soluble in benzene, 
toluene, and the lower alcohols, but not in ether; 
its structure is a trigonal bipyramid with one equa- 
torial po.sition occupied by an electron pair. It 
reacts slowly with water to form Te 02 , and with 
many organic compounds, and it forms addition 
products with 2A1C1 m, 2(C2H»)20, 3NH.,, SOs. 
6NHj. and 2SOi per molecule »f TeCli. Tellurium 
dichloride, TeCli*. is a Mack solid formed by the 
action of tellurium on chlorine or TeCli. It melts at 
175°C and boils at 324®C: the liquid has a fairly 
high electiical conductivity, and the solid and 
liquid are both reactive; water converts it to Te 
and HjTeOi. and oxygen converts it to TeCL and 
TeOo. 

Tellurium tetrabromide, TeBri, is an orange-red 
•-olid which melts at about 380®C and boils at about 
421 ®C; it is slowly hydrolyzed by excess water to 
'TeOn, and forms an addition compound with 
aniline, lVBrj*2C(,H5NH2. Tellurium dibromide, 
TeBrj. is a blac k solid which melts at 210®C and 
boils at 339®C; it is hydrolyzed by water: 

ZleBr. f 3 H 2 O ll/TeO, + 4HBr 4- Te 

Tellurium tetraiodide, Teh, i*^ a black solid 
which melts at 259°C, is slightly soluble in acetone 
and elhvl and amyl alcohols, and is essentially in- 
soluble in carbon tetrachloride, ca:bon disulfide, 
ether, and acetic aiid; it can be prepared by the 
reaction of tellurium dioxide and hydrogen iodide. 

Complex ha]ide.s of tellurium have also been 
prepared (for example, HTeCl5'5H20, HTeBt-j- 
5 H 2 O, and HTels'BHaO); the complex chloride 
also form« salts; in addition, salts of H^^TeXn have 
been prepared, where X « Cl, Br, and I. 

Oxides. The oxides of tellurium are tellurium 
monoxide, TeO, telluiiiim dioxide, Tet) 2 , and tel- 
lurium trioxide, TeO*. The monoxide is- reported 
as a black amorphous powder which is stable in 
dry air in the cold, but which is oxidized in moist 
air to the dioxide. On being heated in vacuum, it 
apparently disproportionates into the dioxide and 
elemental tellurium. It can be formed by heating 
the mixed oxide TeSO.j : 

TeSOa — > TeO + SO 2 

and is also believed to exist at elevated tempera- 
tures in equilibrium with its decomposition prod- 
ucts. The dioxide is the most slgble oxide and is 
formed when tellurium is burned jn air or oxygen 
or by oxidation of tellurium with cold nitric acid. 
It has two crystalline forms. One crystaUines {rqgrti 
a nitric acid solution as colorless, tetragongl. 



octatndfoiilike crystals of specific gravity about 
'S»8; the other, from molten tellurium dioxide as 
monoclinic or rhombic needles of about the same 
density. Tellurium dioxide melts at 452*’C, and the 
white solid becomes a dark yellow liquid which 
distills at red heat, apparently without decomposi- 
tion. It is only very slightly soluble in water, and 
forms a solution which is barely acidic, but which 
is soluble in concentrated acids (for example. 
H2S04« HCl, HNO3) in which it apparently forms 
salts and in strong alkalies in which it forms tel- 
lurites, such as K2Te03. The dioxide is amphoteric 
and also forms addition compounds with strong 
acids, for example, Te02*3HCl and (Te02)2' 
HNO3. The trioxide is an orange-yellow compound 
formed by heating orthotelluric acid, HnTeOfs. 
This oxide decomposes into the dioxide and oxygen 
at red heat. It is essentially insoluble in cold water, 
but dissolves in hot water after prolonged heating 
to give orthotelluric acid. It is not attacked by cold 
acids, but hot, concentrated hydrochloric acid con- 
verts it to a mixture of chlorine, the dioxide, and 
the tetrachloride. Hot, concentrated potassium 
hydroxide converts it to the tellurate, K'^TeOi. 
There are apparently two crystal forms of the tri- 
oxide, ordinary of-TeO^ (sp gr, .*>.075) and jS-TeOt 
(sp gr, 6.21). The less reactive form is made by 
prolonged heating of the a form. 

Acids, The important oxy acids of tellurium are 
tellurous acid and telluric acid. Anhydrous tellu- 
rous acid, H2TeOa, has never been isolated, al- 
though treatment of the potassium salt with nitric 
acid produces white flakes with varying quantities 
of water of crystallization. Salts of tellurous acids 
from HaTeO,* up to H2Ter,On are known. The 
normal tellurites (for example, K2TeOO are solu- 
ble and colorless, and tend to be oxidized to tel- 
luratee in alkaline solution by air. The acid salts 
(for example, KHTeOO are converted by water to 
the normal tellurites and tellurium dioxide. The 
higher tellurites are less susceptible to oxidation 
than the normal tellurites. For example, KoTciO*. 
is not oxidized by air at 450°C. As a general rule, 
telluric acid resembles stannic acid. The form 
H2Te04 has not been isolated, although its salts 
are known. The ortho acid. H^TeOfi. can be pre- 
pared by the oxidation of tellurium or its dioxide 
with chromic acid in nitric acid, with aqua regia 
and chloric acid, or by oxidation of the dioxide in 
alkaline solution with hydrogen peroxide. There 
is at least one additional form of the acid, allotel- 
luric acid, or polymetatelluric acid, (H2Te04)n. 
where n is about 11. The ortho acid is the more 
stable form and has an octahedral configuration ; it 
crystallizes from >^ater as the 4-hydrate, from which 
the water can easily be removed. In cold water it 
is a very weak monomeric acid which polymerizes 
on being heated until it becomes colloidal. This 
reaction is reversed on cooling. Telluric acid is 
more easily reduced than its sulfur and selenium 
analogs, and it forms normal tell urates (for ex- 
ample. AgoTeOe), acid tellurates (also called 
alkaline tellurates, for example, Na4H2TeOs, and 


N 82 H 4 TeO«), tellurate esters, such as Te(OCHs),, 
and heteropoly acids and salts, such as H«jTr 
(MoOi),]- The ortho acid has two crystalline 
forms, a cubic form of specific gravity 3.053 and 
a monoclinic form of specific gravity 3.071. Nor- 


Organic tellurium compounds 


Type 

Example 

ProptirUn) 

Telluromerca pla ns, 

CHiTeH 

Bp 57®C; prep 

RTeH 


from H 2 TeQn(| 

Dialkyl telluHdes, 

(CH,),Te 

RX in alco- 
holic NaOR 

Bp 82®C; prep 

RjTe 


from Tt>X« and 

Diaryl tellurides, 

(C*Hh) 2 Te 

Orignards; 
form addition 
compounds, 
such as (CH|)^ 
Te-HgBri 

Bp 182^G at 

RiTe 


16..5 mm. prep 



similar to dial- 



kyl telhirides 

Cyclic tcllurides 

(CHj),Tc 

6 -mcmbered 

(CH,) 4 Te 

ring; hp 82®(' 
at 12 mm. 5 

Telluronium coin- 


niemherect 
ring, bp 166°C 
Mp 174®C:; 

pounds, RjTeX 


prep from di- 

(r,H5)jr.HaTeOH 

alkyl tellurides 
and a 1 k>l hal 
ides, moder- 

Ditelluridtis, R 2 TP 2 

C.HaTi— Te(',ll» 

ately strong 
bane 

Red crystals 

Aryl tellurium 

RTrX 

melting at 

monohalides 

Dialky] tellurium 

(CllOaTMj 


dihalides 

Diaryl teMiiriiim di- 

((:,lls)jToBrj 


halides 

Alkyl and aryl tel- 

ClUTel, 

Dec uliove 

luriuiii Irihalides, 


100 ®C. sol in 

RTeX, 


acetone and 

Tclluruxides. 

(CaHs),Tt‘0 

ether to gi\e 
red solulioriH 
n list able oil. 

RjTeO 


forming water 

Telluron(* 8 , RiTeOj 

(Cn3)2Te()2 

soluble salts 
with HNO 3 . 
formed from 
dialkyl tellu- 
rides and air 
Prep from di- 


methyl tellu- 
ride and H 2 O 2 , 
white insoluW** 
solid 


Tellurinic acids, 
RTcOOH 

C.H.ToOOlI 

Prep by oxid 
of (CgHOaTea 
with HNO,. 
mp 211 ®G 

Telluric esters, 
(RO)gTe 

(CH,0),Tc 

Mp 86 ®C; pnip 
from diazo- 
methanc and 
lleTeOfi in ab- 
solute alcohol 

Telluroketones, 

RjCTe 

(CH,),CTe 

Bp at 

10-^13 mm; 
prep from 
H 2 Te and 
R 2 CO in HCl 



„yj tdlorates can be foraed from telluritea by 
fusing them with poUssium nitrate or by paesing 
chlorine into an alkaline tellurite solution: 

KzTeOs + 2KOH + 02-* K,Te04 + 2KC1 + HaO 

Tellurates are reduced to tellurites by hot hydro- 
chloric acid and to elemental tellurium by sulfur 
dioxide. The barium salt, BaTeOi-.WaO, is fairly 
wluble in water. 

Mixed compounds. The mixed oxide ToSO, (a 
red solid) has been obtained from tellurium and 
sulfur trioxide. It forms the telluride, KaTe when 
fused with potassium cyanide. Carbon sulfotellu- 
ride, S=C=Te, has been prepared by passing an 
arc between carbon and carbon-tellurium eler- 
trodes under carbon disulfide in the cold. It is a red 
liquid with a melting point of — 54°C and an 
extrapolated boiling point of about 110°C. It is. 
quite unstable, being decomposed by light and 
heat. 

Organic compounds. The important organic tel- 
lurium compounds are summarized in the accom- 
panying table. 

•Sec SELt NIUM ; Slll-FIIR. fs.K.l 

Bibliography i J. W. Mellor, A Comprehensive 
Treatise on Inorganic and Theoretical Chemistry, 
vol. 11. 1931: H. Remy. Treatise on Inorganic 
Chemistry, vol. 1, 19.S6; N. V. Sidgwick. The Chem- 
i((d Elements and Their Compounds, vol. 2. 19.'i0 

Telosporidea 

A rla<^s of the subphylum Sporozoa. These proto- 
zoans are divided into three subclasses, the Greg- 
arinidia, Coccidia, and Haemosporidiida All mem- 
bers of the group are either inlra- or exti acellular 
parasites, and the life cycles exhibit both sex- 
ual and asexual phases. The spores lack a polar 
capsule and develop from an oocyst or sporocyst. 
The sporozoite is the usual infective stage which 
initiates the asexual phase in the life cvcle. See 
Co((II)1a; CitEGARiNiniA; Hai-moscobidiida. 

[e.r.be.I 

Telotremata 

The most specialized order of the class Articulata. 
These brachiopods have smooth, striate, plicate or 
costate shells. The shell substance is calcareous or 
fibrous prismatic, and may be punctate or impunc- 
late. The pedicle issues from between both valves 
in the young, but is usually confined to the ventral 
valve in maturity, through development of the delti- 
dial plates. The cardinal areas are well developed 
in some genera of the Spiriferacea, but may be ab- 
sent or poorly developed in other genera and su- 
perfamilies. They have well-developed hinge teeth 
and sockets. They may or may not possess a cardi- 
nal process, and other internal structures may be 
well developed. The brachial supports, simple in 
the young, gradually metamorphose into complex 
structures during growth. Their internal structures, 
such as the median septum, jugA* and genital mark- 
ings, also change with growth. 
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The order la conaidered to have evolved from fte 
A^ata. Five auperfamiliea are rocogaiied: 
Khynchoi^llacea (Ordovician-Recent), Atrypaeea 
(Ordoyician-Devonian), Spiriferacea (Qrdovietan- 
Jura^ic ) , Rostrospiracea ( Ordovician^ urassic ) , 
and Terebratulacea (Ordovician-Recent). This or- 



(a) (b) 


(o, b) Dorsal and anterior views of Rhynchotrema 
capox (Ordovician, Ohio), (c) Interior of dorsal valve 
of Stenochisma formosa (Devonian, New York), (d) Dor- 
sal view of Tngonosemus palissa (Cretaceous, Holland). 
(From W. H. Twenhofe/ and R R. Shrock, Principles of 
Invertebrate Paleontology, McGraw-Htll, 1953) 

dcr includes more than 200 represent attves in the 
Paleozoic, about 165 in the Mesoz<iic, and 76 in the 
Ceno/olc and Recent. Living representatives range 
from shallow water species su<*h as Hemithyris 
psittarea at H fathoms to Frieleia halli which or- 
(urs in abyssal depths of 1059 fathoms. Their geo- 
logic range is from Ordovician to Retent. fK.H.| 

Temnopleuroida 

An order of Echinacea with a camarodoni lantern, 
smooth or sculptured test, tubercles imperforate 
or perforate (and usually rrenulate), ambularral 
plates of diademoid or echinoid t\pe, and branchial 
slits which are usually shallow. The order includes 
a long phylogenetic series in which the original 
characters change considerably so that a concise 
but exac t diagnosis is not possible. Following is an 
evolutionary summary of the three included fami- 
lies. ( 1) The Glyphocyphidae, known only from the 
Cretateous and Eocene and probably ancestral to 
the other two families, were small forms with a 
sculptured test, perforate creniilate tubercles, and 
diademoid ambulacral plates. Their sculptured 
test links them with (2) the Temnopleuridae 
whose tubercles, however, are imperforate, though 
usually creniilate. This family arose in the Creta- 
(^eous and abounds today, especially in the tropics, 
on strandlines. Moat of the order, so far, had shal- 
low branchial slits, but transitional forms link 
them with (3) the Toxopneustidae, Tertiary and 
extant forms where the slits are deep and the 
sculpture tends to vanish. At the same time, the 
tubercles become imperforate, noncrenulale and 
the ambulacra! plates change to the' echinoid type* 
See Diadematoida; Echinacea; EcHiNOinA; Ecifi- 

NOIDEA. fHjpvF.] 




TiHimotpondyli 

A major group of labyrinthodont amphibians in 
which the intercentra of the vertebral column are 
prominent, and the pleurocentra small to absent. 
Typical of the group are the Rhachitomi; also in- 
cluded are the Trematosauria, the Stereospondyli 
and, probably, the Ichthyostegalia. See Labyrin- 
THODON riA. f A.S.R.] 

Temperature 

That aspect of matter which governs its ability to 
transfer heat from or to other matter. Temperature 
is related to sensory experience through two sets 
of nerve endings in the skin, one for warmth and 
the other for cold. In the kinetic theory of gases, 
temperature is identified with the kinetic energy 
of translation of molecules and as such has an 
absolute zero where all motion is stilled. No upper 
limit is known; the temperatuie at the center of 
the sun is believed to be about 15,000,000®K 
(see Fig. 1). In classical thermodynamics, tem- 
perature is a property which, along with pressure, 
velocity, and so on. is used to specify the state of a 
thermodynamic system. The so-called zeroth law 
of thermodynamics holds that if two bodies are 
respectively at the same temperature as a reference 
body they will be at the same temperature as each 
other. Heat will not transfer by conduction, con- 
vection, or radiation between two bodies at the 
same temperature, and will flow only from a body at 
higher temperature to one with lower temperature 
Empirical temperature scales. The simplest in- 
strument for thermometry (temperatuie measure- 
ment) is the liquid expansion thermometer, where 
the length of a (olumn of ahohol or mercury in a 
tube serves as an indicator. Phenomena which oc- 
cur at reproducible scale readings may be assigned 
numerical values, and readings between these 
values can be obtained bv uniformly subdividing 
the scale. For example, the ice point and boiling 
point of pure water under constant pressure serve 
to define the following three scales; 



Ice 

Boiling 

Scale 

point 

point 

Centigrade or Celsius (®C) 

0 

100 

Fahrenheit (®F) 

32 

212 

Reaumur 

0 

80 


To convert from one scale to the other, use: 


^2) ^ ^Reaumur 

Since the absolute lowei limit of temperature 
can be located accurately, but never reached, abso- 
lute scales have been set up with absolute zero as 
their base. These aie the Kelvin and Rankine 
scales (see Fig. 2), so defined that 

Tk « Tr-aba « -i- 273.15 

Fr *» Tf aba « rp -f 459.7 

Many effects such as changes of electrical re- 
sistance, changes of vapor pressure, and expansion 


- helium freezes (under preiture) 


-helium boils 
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-surface of planet Pluto 
-air-reduction process 

.water freezes 
^oceanic mean 
^ earth climatic mean 

■ human body 
-water boils 

steam turbine (vapor) 
superalloys (service limit) 
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magnesia melts 
surface of type M (cool) stars 
-carbon sublimes 
oxy-cyanogen flame 
molecules dissociate 
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-atomic-bomb fireball 45 feet 
in diameter 

- solar corona 
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- solar interior 
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-hydrogen bomb 


10*-H— intergalactic collisions 
-interior of hottest stars 


Fig. 1. Range of temperature. (F. h Dyson, What 
heat? Sc/. American, 19U3h58^59, 1954) 
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Fig 2. Temperature scales. 

of gases may serve as temperature indicators, but 
diflferent thermometric substance*, give slightly dif- 
ferent readings, except at the calibration points 
The International Temperature Scale solves this 
problem by assigning values to several ralibralion 
points and specifying the instrument to bt used in 
each range. 

Thermodynamic temperature scales. Soine of 
(he arbitrariness in the scales just described is ^ 
moved when temperature is defined in terms of the 
second law of thermodynamics. Briefly, fl) it can 
be shown that no engine can exceed tb' effic lency 
of a reversible (Carnot) engine when both receive 
heat at the same temperature Ti and reject heat 
at the same temperature Ta- (2) If two Carnot 
engines receive heat at the same Ti but reject ea. 
dt different values of T-^, the one rejecting at the 
lower T 2 is the more efficient. (3) Temperature 
scales can be set up in terms of Carnot engine 
efficiency so long as they do not contradmt sta ■ 
ments (1) and (2). (4) One such scale gives the 
elfiriency equation 

Carnot engine efficiency * {T\ — T 2 ) /J\ 

This scale corresponds closely 

absolute scales described and would be read exactly 

on a gas thermometer containing a ^called perteci 

gas. Unfortunately, neither an ided 

nor a perfect gas exists; 

havior may be inferred from the behav , . 

substances. Other thermodynamic sea e 

to this one are also valid. .re 

mentagful to sytoiM i” 
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and with many degrees of freedom. Specie) supple- 
mentary definitions have been, and are b^g« 
worked out for nonequilibrium states (gs in eg* 
plosion waves) and other special states (as when, 
near absolute aero, a system may have relatively 
few quanta of energy). 

Standard temparature. By international agree- 
ment a standard temperature of 0®C has been 
chosen for presentation of basic physical and 
chemical data. For many purposes a standard 
nearer to room temperature is desirable; one may 
find 20 and 25®C, or their near counterparts 70 
and 75®F, used as standards. Care should be 
taken to see what standard was used in a given 
case. See Absolutl zero; Boiling point: Carnot 
cycle; Hjat transfer; Ice point; Kinetic the- 
ory Oh matter; Low-temperature physics; Low- 

TEMPFRATURE THERMOMFTRY; TEMPERATURE MEAS- 
UREMENT, Tfmperati^re senses; Thermal ex- 
pansion, Thermodynamic principles; Thermom- 
EIFR. [R.A.BU.] 

Bibliography: H. C. Wolfe (ed.). Temperature. 

Its Measurement and Control in Scieme and /n- 
dustry, vol. 2, 1955. 

Temperature control, automatic 

A feedback control system in which the controlled 
variable is the magnitude of the temperature. In 
many chemical, petrochemical, metallurgical, and 
physical processes and reactions, temperature is 
very critical and is carefully controlled. Tempera- 
ture controllers are by far the largest single 
group of control devices. The temperature con- 
troller is usually set to maintain a constant tem- 
perature in the system, but there are also -vstems 
in whic h the temperature is made to follow some 
prescribed program. 

In automatic temperature control systems the 
controlled temperatuie is measured by means of a 
temperature-measuring instrument whose output or 
reading is compared to a desired or reference set- 
ting. If a difference exists between the meaaured 
and desired temperature, a correction is applied to 
an actuator which increases or deerMses the 
amount of heat supplied to the process. The actii- 
afoi controls the flow of a heated fluid such as wip 
ter. oil, a molten metal steam, vapors, or heated 
gases into a heat exchanger. 

An important component in temperature ront 

ayatems is the element which *"“*«"“ *‘‘* 
aturc at the place in the proc«8 at which wntrol 
is to be applied. This device, known as a tempera- 
lure transducer, converU the 
some other quantity, such as a mwhanical move- 
ment nressure, or electric voltage. This si^al can 
. ...toller ...««• » O' 
Mluator which controls the heat to the system. 
Temperature tranaducera that mecham- 

mol Moanaion of two diaaimilar metals. These are 
Sled bimetallic thermometers. 'Presront-lype 
trwiucers employ a closed fluid system ta wb»* 
a bulb ia fiUed syltb a liquid or gas. A capiUary 
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ttibe transmit tiie pressute to a convenient distant 
point and n pressure expansive element, such as a 
bellowa or diaphragm, converts the pressure into 
medbanicid movement. Electrical transducers are 
either of the resistance or thermocouple type. In 
the former, the change of resistance of a metal 
stiip is measured in a bridge circuit. A deviation 
from the reference value produces a proportional 
sigital voltage. The thermocouple type consists of 
two wires of diflferent metals brazed or welded to> 
gether at a junction. By placing two such junc- 
tions in series, one placed at a *‘hot point” and the 
other at a *^cold point,” a voltage is developed which 
ib proportional to the temperature difference be- 
tween the two points. For discussion of these tem- 
perature transducers see THFRMoroiipi i- ; Thfr- 
MOMETER. 

The elements described above give a signal pro- 
portional to the error in temperature between the 
reference value, or set point, and the actual value. 
This error is suitably modified in a controller and 
applied to an actuator. Temperature controllers of- 
ten are of the on-off type; they cause either full 
or null operation of the actuator, depending on 
whether the error is above oi below some pre- 
scribed range of values. Actuators may be pneu- 
matically controlled valves, which admit more or 
less of a heat-bearing fluid to the process, or they 
may be electrical devices which control the amount 
of current passed into a heating element. 

The basic theory which describes the perform- 
ance of temperature control systems is identical to 
that of any feedback control system Considerations 
of stability, steady-state accuracy, transient per- 
formance. and response to random fluctuations 
are important. See Control systems; Process 

CONTROL. rJ-K-R-l 

Temperature inversion 

The increase of air temperature with height. Nor- 
mally, temperature decreases with height in the 
lower atmosphere up to the tropopause, and then 
increases in the stratosphere, the “upper inver- 
sion.” The rate of decrease, or lapse rate, is gen- 
erally about 6C®/km or 3.3F®/1000 ft, but is some- 
what less on mountain slopes and more in the free 
air Inversions are caused by radiative cooling of a 
lower layer, by subsidence heating of an upper 
layer, or by the advection of warm air over cooler 
air or of cool air under warmer air. 

Radiative exchange between the earth’s surface 
and the sky on clear nights cools the ground and 
the adjacent air layer. This makes the adjacent 
layer colder than the layers immediately above, 
and creates a ground inversion a few feet to a few 
thousand feet thick {see Frost). In the most pro- 
nounced radiation inversions, over polar snowfields, 
and called nival inversions, temperature increases 
rapidly with height for 1,000-2,000 ft; above is an 
approximately isothermal layer several thousand 
feet thick; above it, normal lapse rate prevails. 

Radiative cooling of the top of a cloud or dust 
layer creates an inversion. Sinking air warms at 


the adiabatic lapse rate of lOC^/km or 5.5F7 ioq 0 
ft, and can create a layer warmer than the surfac 
layer beneath it. Cool air that displaces warm air 
(for instance when it blows from a cool ocean or 
snowfield onto warmer land) cause a pr©. 
nounced inversion that persists as long as the flow 
continues; likewise, warm air may flow over a cold 
surface layer, especially one trapped in a valle\ 
and may cause an inversion. 

Inversions effectively suppress vertical air move 
ment, so that smokes and other atmospheric con 
taminants cannot rise from the surface past the 
inversion base. Persistent inversions are major 
factors in smog. See Air tlmplraturi ; Atmos 
phlre; Atmospheric adiabatic change; Atmov 
pHLRir pollution; Smog. [a( | 

Temperature measurement 

The measurement of thermal potential. Two bodies 
are at the same temperature when there is no 
thermal (heat) floW'Jrom one to the other. If one 
body is losing heat to another, the first is at a 
higher temperature. Temperature scales are arbi 
trary but are carefully defined for precision work 
Temperature measuring instruments are calibrated 
in degrees Celsius, or Centigrade (®C), degrees 
Fahrenheit (®F), or degrees Kelvin (®K). The 
melting point of ice at standard conditions i^ 0^( 
32° F, and 273.1.'>°K. The boiling point of water at 
standard conditions in 100®C, 212°F, and 373 1S°K 
See Timpiraturf. For the measurement of ex 
tremely low temperatures see I.ow-tfmpiraiiiri 
thuimomitry. 

Temperature-measuring instrument? are call 
brated by comparing their readings under rare 
fully controlled conditions with standard instru 
ments, which in turn have been calibrated directls 
or indNfreotly against primary standards at the 
fJ.S National Bureau of Standards or a similar 
organization. Temperature instruments are accu 
rate only when they are used under calibration 
conditions Since this is rarely possible, tempera 
ture measurement reciuires unusual precautions to 
keep errors at a minimum Typical sources of 
error are the following: 

1. Emergent section or transmission: a portion 
of the sensitive element is exposed to a different 
temperature for connection or reading purposes 

2. Conduction: heat is conveyed to or away from 
the measuring element by its supporting structure 

3. Thermal inertia: thermal elements require 
time to reach an equilibrium. If actual tempera 
tures are changing rapidly, thermal elements lag 
and do not reveal true temperature variations. 

4. Radiation: in gases, thermal elements receive 
and transmit radiant energy from the surrounding 
walls. Thus the temperature observed may not be 
that of the gas at the element. 

5. Insertion: element may be improperly located, 
or, in small vessels, insertion of element may change 
the temperature of the body. 

6. Conversion: temperatures can be observed 
by conversion to mechanical or electrical signals* 



7. * thermal element is immersed in 

ijisJj-velocity gas. 

g. Gradient error: temperature of the gas is not 

anif®!"** „ , . . - 

The first five of the above effects are most serious 

m high* and low-temperature measurement and 
when the material being measured has a low con- 
auctivity and heat capacity. 

Temperature measuring Instruments. The in- 
struments used for measuring temperature are 
linown as thermometers, pyrometers, and thermo- 
couples- The thermometer is the most common 
instrument at ordinary temperatures, and there are 
many types of thermometers, most of which can 
also be used as detectors in automatic control 
stems. By common use, a pyrometer measures 
temperatures above those for which thermometers 
are available. However, pyrometers ran also be 
used at lower temperatures. Pyrometeis are of two 
types. With optical pyrometers an operator visually 
compares the brightness of a hot object with a 
standard brightness for a narrow wavelength in- 
terval. Radiation pyrometers measure the rate of 
energy emission per unit area over a broad lange 
of wavelengths. Radiation pyrometers i an also be 
„.,ed as detectors in automatic control systems. 

The thermocouple is a uniqtie device consisting 
liasically of two dissimilar metallic wires joined at 
one end. If the junction end is at a different tem- 
pt rature than the free ends, a voltage is developed 
atross the junction proportional to the tempera- 
lure difference between the junction and free ends 
The free ends can be connected to a suitable eler- 
liit meter calibrated in temperature units oi to a 
.ontrol system. .See PyR.mtT»K; THtRMO. mnnt ; 
Tlll'RMOMtrFR. 

Temperature indicators. In addition to these 

mstniments. there are various other means of im 
dicdting temperatures. Pyrometric cones used 
mainly in the ceramics industry, soften and bend 
under advancing temperatures. The eff. ' is one ^ 
tune and temperature and docs not indicate anv 
specific temperature (^ee PyROMURi. ( onf). 

Temperature-sensitive crayons, ; 

are used as temperature indicatois. Melting 
color change in the material provides ’"JP" ^ 
ture indication. The change may »e \ji 

provide a permanent indication that the calibrated 
temperature has been reached or exceede^ Re 
versible units must be observed w^de th^^ ^ 
undergoing the temperature eye e. . 

crayons are used to mark the obiec . . j 

applied. Pellets are wrapped with or J " 

the nackage at the spot where the temperature 

iLLhoS i. itAHi. Sp~ifa 

l„e. 100 and aOOOT o.n b. 

U-nnof-wW. Thia i. • TmiaU 

surface lemperatura uain* 1 ^ luminca- 

In coutact tkermo«ra^y • ••"» 
c«,l maUrlal i. ai«ad,<» ” '/.Sul 

and b excited by ®l***''*^**f,” L.!-. tndicaiea the 
ro«lt. The toijbtiieaa rf ^ ».|..L«rapby 

surface temperature. In prbjccnon 


the thermal radiation from a surface is imaged by 
an optical system on a thin screen ol laminescent 
material. The pattern formed corresponds to the 
heat radiation of the surface. [R.F..CL.] 

Bibliography: D. M. Gonsidine (ed.), ProcesB 
Instrumerus and Controls Hattdbook, 1957. 

Temperature senses 

The system of sensitivity of the skin and internal 
organs of the body making possible feelings of 
warmth and cold. It is not currently known with 
certainty whether there are two discrete tempera- 
ture senses, one taking care of warmth, the other 
cold, or but a single mechanism yielding warmth 
under some conditions of stimulation and cold un- 
der others. The evidence for the dual-sense ar- 
rangement centers around the facts of temperature 
“spot” distribution and of so-x ailed paradoxical 
sensations. The chief consideration favoring the 
single-sense interpretation has to do with the phe- 
nomena of temperature adaptation and the after- 
effects of thermal stimulation. 

Temperature "epote." The tip of a warmed or 
cooled temperature cjlinder is careluHv placed 
down in each of 100 f ontigiioiis millimeter squares 
of a relatively uniform and hairless region of the 
skin, such as tlie underside of the forearm. The ac- 
companving mechanical pressure of the cylinder is 
kejit small and constant. Some loci will respoim 
with the appropriate sensation of warmth or cold, 
while others will typically yield either nothing or 
simjily touch sensation. If arrangements are made 
for keejiing the tip of the stimulator at a steady 
temperature throughout the exploration, apd if 
precautions of timing and preservation oj '•’«««»»« 
oliservational set are observe-d, it is pmsible to fand 
fair agreement between two successive mappings 
of the same area. Agreement is rarely nerfect, how- 
c-ver. and at least a part of the instability is to be 
attiibuted to the fact that there are frequent and 
somewhat unpredictable shifts in skin temperature 
itself. The bloiKl vessels of the skin, by dilating and 
contracting reflexlv, attempt to preserve uniformity 
in the face of such things as rhangmg external 



Temperature cylinder. «• *2*^' 

H. S. LangfM, and N. P. WeW, A 
Manual of P^chohgkal gjcpeflmente/ 
Wfiey, J9S7) 
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(a) (b) 


Cold spot patterns. Successive mappings, a and b, 5 
min apart, of a 1-cm^ area on the forearm. Blackened 
squares indicate reports of cold. {E. G. Boring, H. S. 
Langfeld, and H. P, Weld, Foundations of Psychology, 
Wiley, New York, 1948) 

thermal conditions and evaporation of skin mois- 
ture. Since the amount of heat carried away from 
or delivered to the skin by a temperature stimula- 
tor is in no case great, and since the epidermis is 
a good heat insulator, it is not surprising if a par- 
ticular spot sometimes responds, and at other times 
does not. The apparent fickleness of temperature 
spots may thus be the simple consequence of high 
absolute sensitivity of the temperature-reporting 
mechanism coupled with a fair degree of autonomy 
of temperature regulation by the skin itself. Even 
though such instability is encountered when whole 
areas are mapped, it should be said that occasion- 
ally spots are found which respond with the proper 
sensation whenever stimulated, even though testing 
and retesting may be weeks or even years apart. 

However poor reliability of measurement may be 
in the mapping of temperature spots, it is still the 
case that there are quite characteristic* pattern dif- 
ferences between plots of cold spots and those of 
warm spots. In fact, the patterns are so different as 
to bring into question the term spot, where warmth 
is concerned. There are small warmth areas, larger 
than cold spots and therefore less dense in distribu- 
tion. A comparison of warm- and cold-spot con- 
centration always shows that the cold greatly out- 
numbers the warm. Moreover, the patterns are 
never close to being coincident, and it is this fact 
that presents strong evidence for the interpreta- 
tion that there are two different sets of nerve end- 
ings for the two systems of sensitivity, hence two 
temperature senses. 

Paradoxical cold. Whereas withdrawal of heat 
from the skin is the normal or adequate stimulus 
for cold sensations, it is also possible to evoke 
them by other means. Low-frequency alternating 
currents, applied to the skin through relatively 
small electrodes, sometimes arouse cold vibration. 
Simple mechanical, nonthermal stimulation, such 
as the movement of a hair projecting from the skin, 
may elicit a flash of cold. Still another nonade- 
quate stimulus for cold is heat itself. It occasion- 
ally happens, in exploring with a warm stimulus, 
that a spot normally responsive to cold will react 
with a cold sensation. Since it is paradoxical that 
a hot stimulus should give a perception of cold. 


this phenomenon has been called paradoxical cold. 
The range of temperatures over which this effect 
may be produced is roughly from 42-50*'C (log. 
122®F). At about 52®C (126®F) the stimulus k 
hot enough to produce injury to the tissue and 
evoke thermal pain. The importance of paradoxical 
cold lies in the support it gives to the dual theory 
of the temperature senses. It also supports the 
doctrine of specificity of nervous energy. See Sen- 
sation. 

Thermal adaptation. All kinds of sensations, in- 
eluding those of temperature, display the phenome- 
non of adaptation in accordance with which steady 
stimulation results in a gradual decline of intensity 
and, in many instances, eventual disappearance of 
the sensation. A hand plunged into cold water (if 
the temperature is not too low) feels at first cold, 
then less so, and ultimately the cold will fade away 
completely. The same happens with warmth. Every- 
one is familiar with the fact that one gets used to 
a too-cold shower or^ too-hot tub. Actually, there 
are limits within whi(^ total loss of thermal sensa- 
tion will occur. Cold stimuli below 16°C (61®F) 
and hot ones above 42®C (108®F) will not fade out 
(‘ompletely in extended cutaneous areas, such as a 
hand or arm. Cutaneous spots behave differently 

The temperature to which the skin is adapted, at 
any given moment, is called physiological zero. This 
thermal condition gives rise to neither warmth nor 
void. Let an appreciably warmer stimulus now be 
applied and, through adaptation, physiological zero 
shifts upward. Conversely, cold moves the zero 
downward. A 33°C (91 ®F) temperature, which 
normally yields thermal indifference, feols cold fol- 
lowing 40®C (104°F) adaptation and warm after 
2.5®C (77®F) stimulation. Important for its bear- 
ing on the theory of the mechanism involved is the 
fact thii both kinds of sensitivity move together. 
It is argued that if cold adaptation affects thresh- 
olds for warmth, and vice versa, a single tempera- 
ture sense must be responsible for the two. 

Temperature receptors. There is currently no 
sure knowledge as to the nervous mechanism re- 
sponsible for sensations of cold and warmth. The 
classical theory, that of Max von Frev, is that cold 
is mediated by Krause’s end bulbs and warmth bv 
Riiflini cylinders (sec Cutaneous sensation). This 
presumed correlation is based on (1) the shorter 
reaction time to cold and more superficial location 
of the Krause ending, and (2) good agreement be- 
tween sensitivity and end-bulb distribution in the 
sclera of the eye. Attempts to chart sensitivity, 
then to excise the tissue and examine it histologi- 
cally, have been largely disappointing, since there 
is almost uniform failur.e to find the expected spe- 
cialized nerve terminations. 

A competing, and more modern, theory is that of 
J. P. Nafe, an exponent of the single-sense concep- 
tion. According to his neurovascular theory of tem- 
perature sensitivity, both the cold and warmth pat- 
terns are handled by nerve endings in the smooth 
muscle walls of the tiny arterioles of the skin. Cold 
is a consequence of contraction of blood vessels. 



warmth the result of their dilation. Thermal pain, 
occurring both at high (52®C or 126®F) and low 
(3®C or 37® F) temperatures, comes from spastic 
contraction of the same muscle elements. Like the 
classical theory, the neurovascular one explains 
nalisfactorily some of the facts of temperature 
Hfnsitivity and is embarrassed by others. A simple 
combination of the two theories is impossible, how- 
ever, since they are far apart in basic conception. 

Studies of the electrical changes occurring in 
nerves of the cat’s tongue when the tissues housing 
the endings are warmed or cooled point to a clear 
separation of the two kinds of sensitivity. “Warm” 
and 'Void” fibers act differently and are of different 
si/e and conductive properties. Moreover, impulses 
may be generated by direct cooling or warming ol 
the nerve axon, thus suggesting that specialized 
endings of the Krause or Ruffini type may not be a 
vital part of the picture. rP A.o.] 

Bibliography: M. A. Wenger, F. N. Jones, and 
M H. Jones, Physiological Psychology, 1956. 

Temperature-humidity index 

Formerly called a discomfort index, the tempera- 
ture-humidity index was developed by the U S. 
Weather Bureau to give a single numerical value, in 
the general range of 70 80, which would reflect the 
outdoor atmospheric conditions of tempeiature and 
humiditv as a measure of comfort (or discomfort) 
during the warm season of the year. Temperature- 
liumiditv index //// is defined as 

hu = 0.4 (drv-bulb temp, ®F 

f wet-biilh temp, °F) + 15 

When the index is 70 practically all people feel 
(omfurtahle; when it is 80 no one is romfoitable; 
and when it is 75 about half the population is satis- 
hed The index is useful in the prediction and 
alloc atom of power-system load- resulting from 
the impact of air-conditioning equipment opera- 
tion. See Dfcrff-day; Psyciirdmurk’- ’ r B.l 

Tempering 

\ process whereby hardened and cjuenched steel 
m the form of tools, 'springs, and certain types of 
Hire, IS reheated and then cooled again at various 
rates to decrease the brittleness and increase the 
toughness of the metal. In tools, often only the 
Liitting edge and the part adjacent to it are tem- 
pered. The degree of tempering is determined bv 
the c'olor the steel turns as it is heated: from pale 
vellow (roughly 430®F) for steel engraving tools 
and hammer facies, to dark purple (approximately 
550® F) for saws, springs, needles and the like. 
When the part being tempered reaches the proper 
color for the toughness required, it is ^ again 
quenched or otherwise cooled. Tempering is also 
sometimes called drawing. See Heat treatment 

(metals and alloys). [C.CO.J 

• 

Tendon 

A white, glistening, fibrous cord which joins a 
muscle to some movable structure such as a bone 
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or cartilage. A tendon permits ooneealiuilion of 
muscle force on a small area, allows musdks to act 
at a distance, and, in some cases, changes die direc* 
tion of pull, thereby increasing leverage. Flattened, 
sheetlike tendons found on broad muscles are 
called aponeuroses. Tendons consist almost en- 
tirely of white fibrous connective tissue formed by 
closely packed, parallel bundles of collagen fibrils. 
Although almost nonelastic, tendons are remark- 
able for their pliability and toughnesh. Consider- 
able variations exist in shape and size, which de- 
pend on the location, function, and power of the 
as<«uciated muscle. 

Surrounding the tendon is the tendon sheath, or 
vagina fibroma, usually a dense, fibrous, connec'tive- 
tissue layer. Between the tendon bundles and the 
sheath is a fine network of small lymphatic vessels. 
This tendon space also (contains small amount of 
fluid, similar to that m joint cavities, but occasion- 
ally this ^pace is filled with a more viscid, mucous 
material. The fluid and the sheath appear to facili- 
tate the movement of the tendon reducing friction 
and irritation. 1'he sheath is normally the means by 
which the tendon is held in place; small connec- 
tive-tissue projections intermingle with siirrotinding 
tissue, thus binding the entire structure in place, 
yet permitting a freedom of movement of the ten- 
don propel. See Musi i'lau system; Skeleial 
''YstI'M. [E.G-sr.l 

Tensor 

A set of components that are functions of a point in 
every coordinate system under consideration. Ten- 
sors can be transfoimed linearly and homogene- 
ously fiom one coordinate system to another. See 
Calc unis of tfnsors. 

Tentaculata 

A class of the phvluiii Ctenophora consisting of the 
four orders: Cydippideu, Lobata, Cestida, and 
Platvctenea. These animals are characterized by 
having tentacles which may be vaiiously modified 
not onl> structurally but functionalh as well. .See 
Ctfnophora; .see also CesIIDa; CydipPidea; Lo- 
bata; Platyc tenfa. 

Teratogenesis 

The development of a fetal monstrosity. Abnormal 
individuals, human and animal, have been known 
since antiquity and have been variously regarded 
and interpreted as visitations of the displeasure of 
gods, or as a result of unnatural matings or other 
unfounded ideas. It is now recognized that tera- 
togenesis results from some -error of development. 
The formation of a normal individual depends 
upon the proper synchronization of a well-ordcrpd 
sequence of chemical and morphological events. 
During the course of development there are many 
opportunities for dislocation of the synchrony of 
these processes, followed by more or less dire con- 
sequences. 

Abnormality. It is easy to recognize the markedly 
abnormal individual. No one questions the classifi* 



49S 

eation of a two-beaded individual as a teras. The 
anatOBiy of very few individuals conforms to the 
formal** pattern because there are always slight 
variations in size of structures and in their disposi- 
tion and location. As long as the discrepancies are 
not marked, and function is not impaired, the in- 
dividual is considered normal. The demarcation 
between the almost normal and the definitely ab- 
normal is not always sharp and frequently the 
decision as to whether a border-line case is to be 
classed abnormal is an arbitrary one. 

Scientific interest. Scientific Interest in terato- 
genesis has continued throughout the period of 
recorded biology and medicine and has become in- 
tensified since World War II for several reasons. 
(1) The likelihood of increased radiation exposure 
for the population at large has made it imperative 
that more be known about the direct effects of 
radiation of various types on a fetus, as well as the 
indirect genetic liabilities involved. (2) Substantial 
evidence has revealed that there is a high incidence 
of congenital anomaly such as cataract, deafness, 
and mental deficiency among the diildren of 
women who have been infected with rubella, or 
German measles, during the first 2 3 months of 
pregnancy. This has opened the possibility that 
other diseases may have similar consequences. 
(3) Certain immunological incompatibilities be- 
tween the mother and fetus niav piodme anomalies 
in the fetus (for example, erythroblastosis fetalis 
caused by Rh incompatibility). (4) Infant mor- 
tality statistics indicate that there is a relative 
increase in the incidence of (ongenital malforma- 
tions among children from ages 1 4 years. This 
is the result of three factors: the decline of deaths 
due to infectious disease: improved recognition of 
certain types of defects as congenital; and, para- 
doxically, improved prenatal care and niitiition 
Some malformed children which formerly would 
have died in utero now come to term. (3) Com 
parison of the details of anomalous development 
with the normal provides the emhrvologist with a 
tool for elucidating normal de\elopm(*ntal mechan- 
ics. 

Causation. There are several levels at which 
answers to the cause of malformations may he 
sought. One concerns the kinds of agents involved. 
Another is conc’ernc'd with the mechanics of action 
of the agents. Again, the latter may he studied at 
two levels; one concerned with the visible de>elop- 
mental mechanics and the other with the less well 
understood hioi*heniiral and biophysical processes 
on which the more evident phenomena are depend- 
ent. In other words, cause may mean different 
things depending on point of view. 

Causal agents. Factors responsible for the de- 
velopment of anomalies may be separated into 
genetic and nongenetic or environmental. However, 
this separation is a utilitarian one because there is 
less distinction between the two groups than seems 
evident. Whether a given individual will succumb 
to a particular environmental insult may depend 
on its genetic make-up. There is a well-established 
genetic basis for susceptibility to a variety of 


agents, including those responsible for anomalies 
Genetic factors. Geneticists have studied many 
conditions in laboratory animals which are caused 
by the action of mutant genes. The effects may be 
noted early or late and may be profound, that is 
lethal, or trivial, depending upon the system altered 
and the degree to which it is affected. Both domi- 
nant and recessive factors may be involved. Manv 
mutant conditions in Drosophila^ as well as in 
other laboratory and domestic animals, are terato- 
logical. There are also a number of human anoma- 
lies, such as polydactyly, syndactyly, achondro- 
plasia, cleft palate, microphthalmia, spina bifida, 
which have a known genetic basis. It is suspected 
that others also have a major genetic involvement 
Nongenetic factors. Anomalies have been pro- 
duced in laboratory animals by a vast array of 
chemical and physical agents. Heavy metals, alco- 
hol, excess or deficiency of hormones, oxygen lack, 
nutritional conditions including vitamin excess or 
defi< iency, metabolic*) inhibitors, virtually any 
cheniii dl, and irradiations of various types are 
among these. Virus infections may act directly on a 
fetus or indirec'tly through alteration of maternal 
metabolites. The array of agents is so vast that it 
may be safe to say that virtuallv any substance or 
physical agent may produce anomalies when ad- 
ministered in a particular wav to a particular 
embryo. The nature of the anomaly ma> also vary 
greatly, and it depends on the agent used, stage 
of development of the organism when it is first 
exposed to the agent, the dose and duration of the 
insult, and the genetic make-up of the exposed in 
dividual. The phvsiological < ondition the in 
dividual, either germ cell or embryo, at the time of 
exposure may be important. 

EssenUallv the same condition may be produced 
by seveftil independent mutations as well as bv a 
number of experimental treatments Details of 
development which lead to a given condition mav 
differ, but the end results arc indistinguishable 
As an example, rumplessness in chickens (absence 
of the tail) mav be the result of the action of two 
well-known mutations, one dominant, the other re- 
cessive, as well as of a variety of experimental 
insults. It is difficult to recogni/e the agent from 
the appearance of any one individual. Knowl- 
edge of pedigree and of the entire developmental 
history of the individual is required for this. The 
last statement must he emphasized, because this 
involves one of the most troublesome problems m 
medicine. Physicians must frequently decide 
whether a given anomaly, occurring in a single in 
dividual, is inherited, and estimate the likelihooc 
that it will appear in subsequent children. Answer! 
must be based on knowledge that the particula: 
condition has a proven genetic basis in othe 
families and on a complete study of the family ii 
question. When such information Is lacking then 
is recourse to published data which indicate th^ 
statistical probability of a second occurrence. 

j4ge at treatment. The stage of an embryo at th' 
time it is insulted is important in determining th 
effect of the insult. In general, g given structur 



is most susceptible when it is in its earliest forma- 
tive condition and deleterious treatment at this 
stage will have its most drastic effect. This gener- 
alization does not always hold. Sometimes people 
apply it in trying to establish when a given condi- 
tion may have been initiated. This may be mis- 
leading. Limblessness may result from a failure of 
a limb to form. The earliest limb bud may be pres- 
ent, but docs not develop into a complete append- 
age. In other cases a complete limb may form and 
subsequently degenerate. The stage showing the 
initial manifestation is quite different in the two 
cases, but the end results may be similar. 

Selectivity of agent. Not too long ago, the stage 
of the embryo treated was considered the most im- 
portant factor in determining an anomaly and the 
nature of the treatment was considered unimpor- 
tant. However, some agents such as chemical 
substances have the same effects even though ad- 
ministered over a wide range of «<tages. These 
substances are selective in their effects. Treatment 
of a younger embryo may result in a more drastic 
anomaly, but of the same type encountered after 
treatment of an older <me. This does not imply 
that the substance has a specific reaction with onl\ 
the responding tissue. It is more likely that all tis- 
sues react, but that the affected structure is most 
-sensitive to the agent. Its development is altered 
wlieieus that of other structures is not. 

J^rodnrtion of effects. Studies of genetic and 
experimental anomalies have revealed that there 
are no basic differences between them. That is. 
there is only one set of developmental principles 
and whether the insult which results m a distorted 
developmental sequence is gene-inediaied or the 
result of environmental alteration, the conse- 
quences may be the same. 

Genesis of anomalies. An account of the genesis 
of a teras should involve a thorough study of the 
development of the anomaly. This is impractical 
for humans and many large animals laboratory 
animals, especially mice and chickens) are used 
for such studies. Some generalizations and some 
examples follow. Anomalies result from some tyjf*' 
of distortion of a normal developmental proces., 
and all developmental processes are subject to 
disturbances of some sort. Developmental phe- 
nomena and their disturbances may be broadly 
grouped as follows. 

Form changes. This may include interference 
with tissue movements. The earliest morphogeneti ' 
movements involve shifts of tissues which result in 
the establishment of the body axis. All subsequent 
normal development depends on the normality of 
these events. Such movements may either be 
blocked completely, so that no embryo develops, 
or they may be distorted so that the embryo is 
deranged. More localized disturbances of tissue 
movements may result in less drastic anomalies. 
For example, pigment patterns may be atypical 
if propigment cells do not migrate to the proper 
place. See Animal morphogenesis. 

Tissue interactions, Thi^ includes a^ wide^ array 
of possible disturbances. The inductive stimulus 


may be deficient or excessive; responding tisetie 
may give an incomplete or exaggerated response. 
There may be mechanical interferences between 
the two tissues, that is, when an abnormal amount 
of fluid accumulates between them. In some in- 
stances both stimulus and response are defective, 
-SVe Embryonic inouction. 

Differentiation, The differentiation of a given 
tissue depends on many preceding events. Forma- 
tion of brain depends on the transmission of the 
proper stimulus from the underlying tissue to the 
prebrain tissue. Other requirements may be dis- 
turbed; some tissues require a given concentra- 
tion of cells and will not form when fewer com- 
petent cells are present. As an example, cartilage 
does not form in some cases of limb anomaly, in- 
stead a ligament forms in place of the long bones 
of the limb at the site of cell deficiency. See Em- 
bryonic DUIERENTIATION. 

Groieth processes. By growth is meant increase 
in siz**. I'here may he interference with growth of 
the entire organism, as in dwarfism or gigantism, 
oT of some structures. In some types of dwarfism 
all structures are reduced proportionately. In 
others the body may he normal but the limbs small, 
that is. disproportionate dwarfing. Individual struc- 
tures may be reduced, such as the eyes, digits or 
limbs. Some types of dwarfism and giggntism have 
been traced to malfum'tioning pituitary glands. In 
others the cause is obscure. See Piuiitary gland. 

Degenerative changes. Certain types of degenera- 
tion are a normal part of development; in other 
<’ases there are degenerative changes where none 
shiMild occur. Anomalies mav arise from a failure 
of normal degeneration to occur in instances such 
as webliing between toes or persistent heart ducts 
in some types of blue babies. They may arise when 
nuimal degenerative processes become more ex- 
tensive than usual. For example, in one type of 
genetic rumplessness of chickens the tissue which 
should form the tail degenerates because of the 
spreading of a nearby renter of degeneration which 
normally is involved in development of the anus. 

Sequential anomalies. Many mutant genes or ex- 
perimental conditions produce more than one ef- 
fect. In many instances these disturbances may be 
traced hack to a single effect which leads, in a 
series of steps, to the many eventual effects. Some 
geneticists draw up a pedigree of cau.ses in which 
the multiple effe<*ts are related to the original. 
There are, however, cases in which multiple effects 
are not traceable to single causes by ordinary pro- 
cedures. These may be the result of factors which 
act on more than one primary process whose rela- 
tion to the several morphological consequences is 
not completely known. * 

Pretnorphological events. It is assumed that all 
morphological events are the viefbfe consequencee 
of prior biochemical and biophysical events. From 
this point of view it is cogent to inquire into these 
aspects of the various phenomena discussed above. 
What are the biochemical disturbances which alter 
activity or reactivity of tissues^ ivhicb piMee# 
degenerative changes? It is in this area that knoarl* 
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edge is most weak; a reflection of lack, at this 
level, of knowledge about normal events. The*use 
of eonsistently produced anomalies, by genetic or 
experimental means, may prove a valuable tool for 
obtaining this type of information. Genetic factors 
are now known to alter eye color in Drosophila by 
blocking of particular steps in a synthetic se- 
quence. Many teratogenic agents are known to 
have effects on particular pathways in carbohydrate 
metabolism. A key metabolite may completely 
mitigate the effects of a teratogenic agent. A num- 
ber of antimetabolites have been shown to produce 
effects which are eradicated by the proper dose of 
the metabolite. The example of sickle-cell anemia 
is suggestive of the type of information which must 
be sought. In this inherited condition of humans, 
red blood cells have an abnormal or sickle shape 
and do not function normally. The atypical cell 
shape is related to comparatively minor < hanges in 
the structure of the hemoglobin molecule which 
are the consequence of the change of one amino 
acid residue out of about 300. One particular 
glutamic acid residue is replaced by valine and 
the effects on structure and function of the cells 
are profound. See Embryoiocy, i xpfrimfntal. 

fF.Z.] 

Bibliography: J. Warkany, Conference on tera- 
tology, Pediatrics. 19:719-792, 1957; B H. Willier, 
P. A. Weiss, and V. Hamburger, Analysis of De- 
velopment. 195.5. 


Terbium 

Element number 65, terbium, Tb, is a verv rare 
metallic element of the rare-earth group. Its atomic 


lo vilci 0 



weight is 158.93, and the stable isotope Tb*''^ 
makes up 1009r of the naturally occurring element. 
It was discovered in 1843 by C G. Mosander, who 
originally named the oxide terbia, but it has been 
known as terbium since 1877. The element was first 
isolated in fairly pure form by G. Urbain in 1905. 
The common oxide, Tb 407 . is obtained when its 
salts are ignited in air. Its salts are all trivalent, 
w'hite in color, and when dissolved give colorless 
solutions. The only quadrivalent form of terbium 
known is in the higher oxides, and if Tb 407 is ig- 
nited under a high pressure of oxygen, a compound 
approaching the composition TbOa can be pre- 
pared. The higher oxides slowly decompose when 
treated with dilute acid to give the trivalent ions in 


solution. For properties of the metal, see Rare- 
earth ELEMENTS. Although the metal is attacked 
readily at high temperatures by air, the attack is 
extremely slow at room temperature^. The metal 
is paramagnetic and has a Curie point in the neigh- 
borhood of 230®K. [f.h.sp.] 

Termite 

Any member of the insect order Isoptera. There arc 
about 1800 species, most of them tropical. Several 



The termite, Reticulitermes flavipes (From P Martin 
Duncan, ed., Cassell's Natural History, CasfkII) 


species o(cur in the United States. Some tropical 
spedcs bj^ld elaborate nests above ground, but 
North 4ineri(dn lorms live underground. 

Termites, frequently called white ants super- 
ficially resemble ants but can be retognized in an\ 
stage by the broad connection between the thorax 
and abdomen; this lunction is constricted sharplv 
in the ants. Workers and soldiers are wingle‘*s 
Winged, sexual forms swarm in the spring. Thev 
have two pairs of similar membranous wings which 
are carried flat on the back when at rest. After 
swarming, sexuals settle in pairs, bite off their 
wings, and start a nest. Each female, or queen, 
lives several years and produces millions of eggs. 
Their metamorphosis is gradual. 

Workers may range far from the nest in search 
of food, always traveling in subterranean tunnels. 
They eat wood and frequently cause great damage 
to houses, furniture, utility poles, fence posts, and 
other wooden structuTcs. Most termites have svm- 
biotic colonies of Protozoa in their intestines which 
aid in the digestion of cellulose. See Isoptera. 

[J.D.B.] 

Tern 

Any of about 50 species of moderate-sized, fish- 
eating birds belonging to the subfamily Sterninae, 
family LarJdae, a family which also includes the 


gulls and skimmers. Terns are similar to gulls, but 
may be distinguished in flight because terns cany 
the bill turned downward rather than straight 
ahead. Terns arc littoral birds, staying near the 
shore at all times. They are usually smaller and 
more slender than gulls and do not alight on the 
water to rest. Most of the terns are marine, but 
several species may also be found nesting near 
large bodies of fresh water; one, the black tern, 
Chlidonias nigra, is entirely a fresh-water species. 




Terns, (o) Black tern, Chlidonias nigra; length to lOU 
in. (b) Common tern. Sterna hirunda; length to 16 in. 
(From E, L. Palmer, Fieldbook of Natural History, 
McGraw-Hill, 1949) 


Many terns have long tails, sometimes very long 
and deeply forked. Terns are commonly white oi 
gray; several have black crowns. There are 12 spe- 
cies of terns in the United States. Most of them are 
widely distributed; a few are virtually cosmopoli- 
tan. See Charadriiformes; Cull. [j.d.b.] 

Ternifine man 

A fossil human type known by three jaws and a 
parietal bone. Discovered in 19.S4 and 19S5 at the 
village of Palikao, 10 miles soulhea.st of Oran, 
Algeria, all the parts derive from sands of a former 
lake floor. They were as.sociatcd with a fossil fauna 
of the beginning of the middle Pleistocene and 
with early Acheulian stone tools, suggesting a date 
of approximately Second Glacial age. The jaws 
strongly resemble those of Pekin man from Chou- 
koutien irt size and in details of form ( thickness \)f 
symphysis, receding chin, form of ascending 
ramus). The teeth show similar resemblances, with 
robust premolars having traces of basal cingulum. 


faipmia 4M 

C. Arambourg, the discoverer, named the type 
Atlanthropus mauritanicus. See Fossil man; Pa- 

«INC MAN. [w.w.H.] 

Terpene 

One of a class of chemical compounds having a 
structuial relationship to isoprene. 

H,C^ 

C 

or I 

H,C 

Isopreiip 

The name terpene is applied not only to hydro- 
carbons but also to their oxygenated, and other, de- 
rivatives. Most terpenes are unsaturated acyclic 
and cyclic compounds characterized by chemical in- 
stability. The aliphatic terpenes readily form ring 
Structures. Most terpenes are easily oxidized, re- 
duced, and pol>merized. They undergo intramolec- 
ular rearrangements and shifting of the olefinic 
bonds. They possess distinctive odors; the major- 
ity show optical activity, and they are usually col- 
orless liquids difficult to isolate by fraction al dis- 
tillation. 

Terpene classification. Tlie terpenes are classi- 
fied on the basis of mu1tip|«=^s of the S-carbon isu- 
preiic structure. The skeleton (I) is referred to as 
a herniterpene. III) as a monoterpene, (III) as a 
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sesquiterpene. Diterpenes contain four isoprenc 
units, iriterpenes six, tetraterpenes eight, and poly- 
terpenes a large number, n units. 

The fusion of these isoprene units may produce 
open branched-chain, or cyclic compounds such as: 

A terpene having the empirical formula CjoHia 
indicates unsaturalion either because of the pres- 



Terpinolene, C|oH]« 'y-Bisabolene, CuHn 



iMice of okfioic bonds or cyclic structure. Myrcenc 
h aeydse and has three olefinic bonds; terpinolene 
k niMocyclic and contains only two olefinic bonds. 

Terpenes are further classified according to the 
ftfUnber of rings in their structure. Some are open 
chain, many are monocyclic, and others contain 
three and four rings. Not ail rings are six-mem- 
berecL 

The oxygenated forms of the terpene hydrocar- 
bons are an important group of perfume and flavor 
products. 

Except for their trivial names, acyclic terpenes 
are most conveniently named by the rules of sys- 
tematic nomenclature. For example, citral would 
be designated 3,7-dimethyl-2,6-octadiene-l-al. The 
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The union of isoprene units is further varied b 
ring systems present in naturaUy occurring tei 
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penes and those formed by internal rearrangemen! 


Citral 

monocylic terpenes are conveniently named on the 
basis of the structure called menthane and num- 
bered as follows : 



a Pinciic Horneol Fcnchyl alcohol Ca?«n.. 

Monoterpenes. These terpenes include acyclic, 
monocyclic, dicyclic, and tricyclic compounds. 
Acyclic monoterpenes. The hydrucarbonn of thi^ 

class are not important commercially, nor are ihc\ 
Menthane a-Teipnicol ^ 



o-Terpineol would then be named p-menthene-1-8- 

ol. 

Beta-phellandrene would be named ;>menthadi- 
ene-l(7)2. It is often necessary to indicate the di- 
rection of the olefinic bond by bracketing the 
proper carbon atom such as 7, 8, 9. or 10. 



Ociinene Myrienc 
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If the olefinic bonds of p-menthadiene are rear- 
ranged, a total of 32 isomers will be formed, in- 
cluding optical isomers, racemic forms, and cis- 
trans forms. A number of these forms exist in na- 
ture. 

Most of the terpenes are constructed on a head- 
to-tail combination of isoprene units (IV). Occa- 



numerous. Myrcene and ocimenc are examples The 
alcohols, geraniol, citroncllol, linalooK and nerol 
and their esters are widely used in perfumes. Thev 
occur in many essential oils. The asterisks indicate 
asymmetric carbon atoms, the presence of which 
makes the compounds optically active (^ee Optical 
activity). 



Geraniol Citronellol Linaloo) N ' 


The aldehydes citral and citronellal occur in na- 
ture. Citral is a starting material for the manufac- 
ture of the lonones (terpenes containing the ketone 
group) and is also us^ for its lemon flavor, Ci- 

PAfi Ka rA/iiitfVAfl /«if r/%nAl1nl Att/I fllsO 


aionally this is not true; for example. 



hydrat«d to yidd an important perfume mate- 
rial. hydroxycitronellal. 


feffHin m 

mercuric oxide in alkaline soluUon, triofolene is 
formed. 



Citral CitroneiUl HydroxycUronellal 

Monocyclic monoterpenes. The most important 
commercial hydrocarbon of this class is limonene. 



Limonene 


The chief constituent in orange, grapefruit, and 
lemon oils is {/-limonene. Orange oil is over 90% 
d limonene. /-Limonene occurs in smaller amounts 
in such oils as dill and caraway. The racemic mix- 
ture also occurs in essential oiK and it can be dis- 
tilled from turpentine. The monocyclic terpene hy- 
drocarbons are extensively used as solvents. 

Alpha-teipineol is widely used in perfumes and 
menthol in flavors and rubbing compounds. Aiphd- 



'IVrpitifol Menthol 


teipineol occurs in the optically active and racemic 
forms as the alcohol and as esters. It has been 
found in the oils of petitgrain, neroli, and camphor 
and in pine oils. The latter is a fraction of the 
I rude oils obtained from pine stumps. The perfume 



Ter pin hydiale 

grade is obtained commercially from terpin hydrate 
which is formed by the hydration of pinene. 

Oicyclic monoterpenes* For discussions of the 
niost important commercial examples of the dicy- 
clic monoterpenes, see Camphor; Pinene. 

T ricyclic monoterpenes. These are not numerous. 
When camphorhydrazone is treated with yellow 


Trieycleiie 

Sasquiterpenes. Few of the naturally occurring 
sesquiterpenes have been satisfactorily character- 
ized. All of them contain three potential isoprene 
units. 

Acyclic sesquiterpenes, Farnesol is a primary al- 
cohol widely distributed in essential oils. Appreci- 
able amounts have been found in ambrette se^ oil. 



It is a valuable fixative for perfumes. Its spatial 
configuration has not been resolved. 



Monocyclic sesnuUerpenes. Zingiberene is the 
principal constituent of ginger oil. 

Dityclic sesquiterpenes, Cadinene is widely dis- 
tributed in nature and forms the main ingredient 




of oil of cubebs. Dehydrogenation yields cadalene, 
a substituted naphthalene. 

Tricyclic sesquiterpenes, Santalol occurs in san- 
dalwood oil and is used in perfumery. The esters 



Of-Santalol 


are also used in perfumes and once had some im* 
portance in medicine. 



Ollaiptmi. Of the diterpenes dieoretically com- 
posed of four isoprene units, the structures of such 
compounds as rosin, sclareol, vitamin A, and the 
chlorophyll alcohol, phytol, have been determined. 





Vitamin A is commercially produced using /?-io- 
none as a starting material. 

Trtterpenea. For a discussion of this important 
class of terpenes, see Tritlrpkne. 

Tetraterpenes. The best-known members of the 
tetraterpenes belong to the carotenoid pigments 
from plants and animals. They are colored mate- 
rials distinguished by numerous conjugated olefinic 
bonds. 



Synthetic linalool is the starting compound for 
the synthesis of lycopene, the red coloring mattei 
in tomatoes. 

Polyterpenes. Various rubbers from Hevea, 
Guarule, and other plants yield small amounts of 
isoprene on pyrolysis. Their molecules are com- 
posed of several thousand of the Cr» units. See Es- 
sential oils; Isoprene; Menjhol; Rosin; Tur- 
pentine. [e.L.S.I 

Bibliography, J. I.. Simonsen (ed.), Terpenes, 
Svols.. 1947 

Terra cotta 

Burned or fired clay (baked earth) modeled or 
molded into objects. When the material is un- 
glazed, it is sometimes called biscuit and is of a 
reddish color and moderately porous. When it is 
glazed, it is used in items as varied as roof tiles 
and Tanagra figurines. 

Selected clays are ground, mixed with grog ( pre- 
ground and burned clay) and water in varying 
proportions, molded or modeled into the desired 


shape, and then fired in a kiln. Terra ^otta is ^del 
used in making pottery and small sculpture and in 
other art modeling and similar handicrafts. Ma 
chine fabrications are used in building and archb 
tectural applications such as unglgzed tiles for 
rough interior construction and for fireproofing 
glazed exterior or interior wall and roof tiles, and 
decorated and glazed tiles, as building ornamenta- 
tion. See Clay products, architectural, [c.co.] 

Terracing (agricultural) 

A method of shaping land to control water erosion 
on steep slopes used for cropping and other pur- 
poses. In early practice the land was shaped into a 
series of nearly level benches or steplike forma- 
tions. Modern practice in terracing, however, con- 
sists of the construction of low-graded channels or 
levees to convey the excess rainfall from the land 
at npnerosive velocities. The physical principle in- 
volved is that when water is spread in a shallow 
stream, its flow is retarded by the roughness of the 
bottom of the rhannehand its carrying, or erosive 
power, is reduced. In areas of low rainfall and ab- 
sorbent soils, nearly level terraces are used. Since 
direct impact of rainfall on bare land churns up 
the soil and the stirring effect keeps it in suspen- 
sion in overland flow and rills, terracing does nut 




Fig. 1. (a) True bench terraces consist of a flot step/ 

or bench, for cultivation (notice the furrows) and o 
slope covered with grass, (b) Cross section of on ex- 
cavated bench terrace. Sketch shows bench terroce 
constructed on a 45% slope, using a vertical interval 
of 6 ft, and having a back slope of on the riser. 
The bench is approximately 10.5 ft wide with an in 
slope of 1 in./ft of width. (From USDA, Soil Conserv. 
Service, A Manual on Conservation of Soil and Wafer, 
Handbook for Professional Agricultural Workers, Agrl^ 
culture Handbook No. 61, June, 1954) 





b) 


Fig 2. Maintaining terraces by plowing, (o) The 
channel of the channel terrace can be enlarged by 
plowing it out. Between channelsi turn as many of the 
furrows uphill as possible to offset the natural soil 
movement down the slope (b) The ridge of the ridge 
terrace can be enlarged by backfurrowing to it. The 
location of the dead furrow should be chonged from 
year to year to avoid excessive depression at any one 
point (From USDA, Soil Conserv Service, A Manual 
on Conservation of Soil and Wafer, Handbook for 
Professional Agricultural Workers, Agriculture Hand 
book No 61, June, 1954) 


prevent sheet erosion. It serves only to prevent de- 
slrudjon of agri< ulturaJ land by gullying and must 
he supplemented by other erosion-control prac 
tic es. such as grass rotations, cover crops, mule hing, 
contour farming, strip cropping, and increased or- 
ganic matter content. All these give the soil better 
‘'Iructure and increased absorptive capacitv. »See 
Erosion; Sou (onsfrvation. 

Types of terraces. There are two distinctive 
tvpes of terraces, the bench and the ridge, oi chan- 
nel, type (Figs. 1, 2). The bench terrace is essen- 
tially a steep-land terrace and consists of an almost 
vertical retaining wall, called a riser, or of a steep 
vegetated slope, to hold the nearly level surface of 
the soil for cultivation, orchards or vineyards, or 
for landscaping. In old agricultural areas of the 
Philippines, Asia, the Near East, and South Amer- 
ica, the risers were commonly of stone and many 
are still in use after hundreds of years. In south- 
eastern United States, benches have been developed 
on slopes with a rise as high as 30 ft per hun- 
dred feet by careful management of the vegetative 
risers. However, in the last 10-15 years those have 
been largely abandoned for general farming be- 
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mailed the power for increased terracing. The early 
American practice of constructing hilkide ditches 
across the slopes of fields to prevent up- and down- 
ill gullying was followed by the development of 
the more easily controlled levee or ridge. This was 
called a narrow-based ridge terrace and was in 
some cases vegetated and developed into a bench- 
type terrace. By plowing to this narrow levee and 
maintaining a drainage channel, its base may be 
widened. It is then called the broad-base terrace. 
Difficulty in maintaining a water channel above the 
level of the surface of the soil resulted in the de- 
velopment of a ditch-type terrace channel, notably 
in the deep South where intense rains frequently 
broke the levee t> pes. 

AH the tvpes of erosion control described alnive 
are still m use, but the difeh, or channel, type is 
most extensively used because of low cost of main- 
tenance and safetv against breakage. The channel 
is given an increased slope as it goes down the hill 
in order to increase its carrying capacity for the 
acc'umulating water of its enlarged drainage area. 
Since forces of erosion are constantly at work fill- 
ing the channel with erosional debris, maintenance 
is of prime importance and channels must be 
plowed out or otherwise kept open as an essential 
part of the management of the land 

Outlet construction. Sim e terrace channels con- 
centrate rainfall on hillsides, outlets are a major 
feature of any successful terrace system. There arc 
many different schemes for outlet construction, 
utilizing niasoniy sinntiires such as htorm seWers, 
(oncretp flumes or drop inlets on steep land, and 
vegetation such a«- giass or other thick growing 
crops on gentle slopes. Modern practice in outlet 
constriution calls foi the use of natural channels 
for outlets and careful shaping and vegetating be- 
fore large concentrations of water are turned into 
them. 

Land farming. The practice of terracing has 
been materially changed by the development of 
large earth-moving e<[iiipment and the necessity for 
efficient use of manpower in production. Modern 
practice, lornmonly called land-forming or land- 
shaping, consists of reforming the land sufficiently 
to construct uniformly spaced parallel terraces and 
thus eliminate short or uneven “point rows” be- 
tween the terraces. This enables the use ol large 
equipment, such as four- or six-row planters and 
cultivators, and avoids unnecessary turning on the 
terraces. On gently sloping land this practice is 
combined with filling the low spots in the field 
with soil from the terrace channel and smoothing; 
and leveling the entire crop area to give uniform 
surface drainage with no puddles or wet areas re- 
maining to reduce yields. The practice of land- 
forming is gradually being extended onto steeper 
lands where the subsoils are sufficiently fertile or 
where the surface soil is of sufficient depth to per- 






Fig. 3. Airplane view and diagram of layout of ter- production equipment is used exclusively, leaving ir. 

racing system for land averaging 6% slope. Four-row regular patches In grass to avoid short rows. 


mil the cuts thet are necesbary without serious ef- 
fects on yield. Lunds with less uniform slope may 
be laid off with terraces at variable horizontal spar- 
ings with variable graded channels, and the crops 
then planted in long rows. The remaining irregular 
unplanted aieas are planted to erosion-resisting 
vegetation (Fig. 3). Land with 5- to 10- ft fall per 
hundred feet may be farmed in this fashion with 
large and efficient machinery. The uniformity of the 
slope of the land determines the upper limit of 
practicability of this practice .See Aghkultukai 
machinery; Agricultural soil and crop prac- 
tices; Agrkulturf (drainacf). [m.l.n.I 

Bibliography: See Acrkuliural schnce 
(plant). 

Terrain areas, world-wide 

Subdivisions of the continental surfaces distin- 
guished from one another on the basis of the form, 
roughness, and surface composition of the land. 
These areas of distinctive landforms are the prod- 
uct of various combinations and sequences of 
events bivolving both deformation of the earth's 
crust and surficial erosion and deposition by water, 
ice, gravity, and wind. The pattern of landform 
differences is strongly reflectecl in the arrangement 
of such other features of the natural environment 
as climate, soils, and vegetation. These regional 
associations must be carefully reckoned with by 
man in his planning of activities as diverse as 
agriculture, transportation, city development, and 
military operations. 

The accompanying map distinguishes among 
eight classes of terrain, on the basis of steepness 
of slopes, local relief (the maximum local differ- 
ence in elevation), cross-sectional form of valleys 
and divides, and nature of the surface material. 
Approximate definitions of terms used and per- 
centage figures indicating fraction of land area oc- 


cupied by each class are as follows: (1) flat 
plains — nearly level land, slight relief, , 
(2) rolling and irregular plains -mostly gentiv 
sloping, low relief, 30^?; (3) tablelands upland 
plains cut at intervals by deep valleys or canyons 
moderate to high relief, 59^ ; (4) plains with hills 
or mountains — plains surmounted at intervals by 
hills or mountains of limited extent, 13^^ , (5) hills 
— mostly moderate to steeply sloping land of low 
to moderate relief, 8 ; (6) low mountains —mostK 
steeply sloping, high relief, 149f , (7) high moun 
tains — mostly steeply sloping, very high relief 
14^ , (8) ke caps — surface material, mosth 

glacier ice, 10%. 

The continents differ considerably. Austialia the 
smoothofit continent, has only one-fifth of its area 
occupied by hill and mountain terrain as against 
one-third of North America and more than one half 
(vf Eurasia. Antarctica is largely ice covered, the 
only other great it e cap is on Greenland. 

North America, South America, and Eurasia are 
alike in that most of their major mountain bvsieni's 
are linked together in extensive cordilleran belts 
These form a broken ring about the Pacific basin 
with an additional arm extending westward across 
southern Asia and Europe. The principal plains of 
Asia and Europe lie on the Atlantic and Arctic 
bides of the cordilleras, but are in part separated 
from the Atlantic by lesser areas of rough terrain 

Most of Africa and Australia, together with the 
eastern uplands of South America and the penin- 
sulas of Arabia and India, show great similarity to 
one another. They lack true cordilleran belts, and 
are composed largely of upland plains and table- 
lands, locally surmounted by groups of hills and 
mountains, and in many places descending to the 
sea in rough, dissected escarpments. See CoRDii^’ 
LERAN belt; HiLL ANO MOUNTAIN TERRAIN; PLAINS. 

[E.H.HA.] 
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Terniin«cl«arance indicator 

A landing altimeter using radio waves to deter* 
mine the height of the aircraft in relation to the 
terrain directly below it and capable of precision 
measurements to very low altitudes. 

liOW approach is defined as a descent from an 
initial altitude to a point near the ground. From 
the time that the aircraft reaches this point near 
the ground to the time that the wheels of the air- 
craft actually contact the ground, the pilot’s chief 
interest is in his proximity to the ground and the 
speed with which he is approaching it. It is appar- 
ent, therefore, that means for measuring altitude 
and the rate of change of this altitude must be em- 
ployed. This device is the landing altimeter, or ter- 
rain-clearance indicator, which may have a maxi- 
mum altitude capability not greatly in excess of 
200 ft. Some, however, have dual scales capable of 
reading to either 5000 or 500 ft. 

To obtain the necessary precision, all of these 
altimeters are of the frequency-modulated type. 
The frequency of the transmitter is changed lin- 
early with time following a saw-toothed pattern. 
Early developments operated at a frequency of 
about 400 megacycles (Me) but the newer designs 
operate at 4000 Me and the frequency bands are 
.swept at the rate of 100 Mc/sec. The radiator usu- 
ally consists of an electromagnetic horn mounted 
flush with the surface of the aircraft. A second horn 
is employed as receiving antenna. In the receiver 
the signal reflected from the ground is mixed with 
a signal at transmitter frequency, producing a beat- 
note in the input to the altimeter receiver. Since 
the transmitted frequency is constantly being 
changed linearly with time, the frequency differ- 
ence is a measurement of the time the transmitted 
energy was en route to the ground and back. There- 
fore. the frequency of the beat-note is a direct in- 
dication of the altitude. The beat-note frequency is 
determined by suitable circuits and indicated on a 
direct-reading meter. The first derivative of the fre- 
quenev with time is also determined to give rate of 
descent. Electrical outputs proportional to fre- 
quency and rate of change of frequency are then 
mixed with the glide-slope indication of the fixed- 
beam low-approach system and used to actuate the 
horizontal needle on the cross-pointer instrument or 
to actuate the automatic pilot. See Altimeter, ra- 
dio; Instrument LANDING SYSTEM (ILS). fp.c.s.l 

Bibliography: P. C. Sandretto, Electronic Aviga- 
tion Engineering, 1958. 

Terrapin 

A brackish-water, aquatic turtle of the genus 
Malaclemys, family Emydidae. related to the pond 
and box turtles. There are six forms, all found in 
the coastal waters of the eastern United States 
from New England to Texas. Some authorities 
recognize two species; others place all forms in the 
species M, terrapin and recognize six subspecies. 

This turtle was formerly an important food ani- 
mal along the central Atlantic Coast but is now 


scarce. It is moderately small, wkh a carapace 
length of V/i in. or less, the females being some, 
what larger than the males. The diamond-back 
terrapin has a keeled, depressed carapace, the 
plates of which are marked with prominent con- 
centric ridges. Terrapins have been somewhat re- 
stored by a Federal hatchery, and they have been 
introduced on the West Coast. See Reptilia* 
Turtle. 

Terrestrial ecosystem 

A term that distinguishes the complex of ecosys- 
tems of the land surfaces of the earth from fresh- 
water and marine ecosystems. It encompasses eco- 
systems that exist on the continents and islands of 
the world and comprehends a series of dynamic 
open interaction systems that include living forms 
(animals, plants, and microorganisms) and their 
nonliving environment (soils, geological formations, 
and atmospheric constituents) and the activities, 
interrelations, chemical reactions, physical changes, 
and all other phenorhj^na of each. Energy that en- 
ters these systems, chiefly in the form of sunlight, 
circulates through the systems and powers the life 
processes of the organisms, influences the rate and 
nature of chemical reactions and physical changes, 
and is partially accumulated in the bodies of organ- 
isms and in other chemical and physical states. 
See Ecosystem ; Fresh-water ecosystem; Marini 

ECOSYSTEM. 

Comparison of ecosystems. Terrestrial ccosvh- 
tems differ from aquatic ecosystems in several im- 
portant respects. The moat obvious difference in the 
abiotic components of the systems is the bash 
phy.sical contrast between the media. Teerestrial or- 
ganisms are surrounded by air, a mixture comprised 
of gaseous elements and compounds. Water vapoi 
is present in the atmosphere but forms only a 
small portion of the total volume of the air. 

Liquid water, the medium of the aquatic envi- 
ronment. is much more dense, leas fluid, less trans- 
parent. and has a much greater thermal stabilit> 
than air. The aquatic environment is marked b\ a 
superabundance of moisture, a lack of temperatiin* 
extremes, slow changes in temperature, the disper- 
sion of most of the essential mineral elements in 
the engulfing medium (usually in low concentra- 
tion), a relatively short supply of oxygen and a 
high content of carbon dioxide, and a sharp de- 
crease in illumination with slight increase in depth. 
On the other hand, in the terrestrial environment 
water is often in critically short supply, extremes 
and rapid changes of temperature are common, 
mineral elements are limited in occurrence to the 
substrate (generally in relatively high concentra- 
tions), and light is intense, at least at upper levels 
of the vegetation. 

Adaptations to the habitat. The contrast in den- 
sity, composition, and physical properties of the 
media in terrestrial and aquatic habitats is accom* 
panied by and is either responsible for, contribu- 
tory to. or correlated with, contrasts in the geomor- 
pbologic development of the habitat, climatological 



features of the environment, pcdological develop, 
nient, and morphologic and physiologic characteria. 
tics of the biota. Many organisms that live in the 
water have not developed, or have lost, devices that 
afford protection against water loss; indeed, many 
are able to absorb moisture and nutrients through 
the entire surface of their bodies. Many terrestrial 
organisms have evolved impervious cuticular coat- 
ings, surficial cuticular coverings, behaviorial adap- 
tations, and physiologic adaptations that reduce 
water loss or make exceptionally efficient use of 
available water. Land plants, particularly the ferns 
and seed plants, have developed various water- and 
nutrient-collecting structures like rhizoids and 
roots. Correlated with these is the development of a 
complex translocation system through which water 
and dissolved minerals move from root to leaves and 
food circ.ulates through the plant. Water plants gen- 
erally have poorly developed roots and transloca- 
tion systems. 

Structural adaptations. Particularly in animals, 
the body shape of terrestrial species generally pre- 
sents a small surface area per unit of volume, 
whereas marine animals, especially the mobile 
forms, are often elongate or flattened and hence 
present a large amount of surface per unit of vol- 
ume. To some extent, body shape in motile forms is 
correlated with the density of the media and repre- 
sents a streamlining adaptation that facilitates the 
movement of aquatic animals. Another structural 
adaptation to the contrasting density of the media 
is the development of rigid or semirigid supporting 
tissues in terrestrial plants and the virtual lack of 
su<h development in aquatic plants, which are 
buoyed up by the water. Virtually all woody plants 
are terrestrial or semiaquatic. Indeed, ui both 
plants and animals, there is a tremendous taxo- 
nomic (evolutionary) division between aquatic and 
terrestrial forms. Seed plants, ferns, mosses, liver- 
worts, fungi, and lichens are most characteristic 
and abundantly represented on land, while water is 
the chief domain of the algae. Thus the db ersiiy in 
gross structure and life form, as well as in species, 
is much greater on land. A tremendous variety of 
forests, grasslands, savannas, scrubs, succulent des- 
erts, tundras, and other forms of vegetation char 
acterize the terrestrial environment (sec Climax 
PLANT formations). The range of physiognomy of 
aquatic vegetation is much less and stratification 
or layering is absent or weakly developed in 
aquatic communities. 

Habitat distribution of organisms. Warm-blooded 
animals, snakes, and lizards are typically land 
dwellers. Insects are abundant and ecologically im- 
portant on land, less so in fresh water, and are vir- 
tually absent from salt-water habitats. Fish, bi- 
valves, and various lower animals are limited to or 
at least mo.st abundant in aquatic environments. 
The bulk of aquatic vegetation, particularly where 
the water is deep, is floating rather than rooted, 
while that of land is almost entirely rooted and 
stationary. In contrast, many aquatic animals are 
immobile and depend on water currents to deliver 
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food to their vicinity; whUe most tenettrinl aniniitls 
arc mobile. Land animals are generally capable of 
much more rapid movement in their dispersed me- 
dium than are comparable aquatic animah, which 
occupy a very dense medium. 

Extent of temstriai ocosystom. Although the 
aerial environment is well lighted from the upper 
limits of the atmosphere to the ground, the thick- 
nes.s of the terrestrial ecosystem is limited by two 
sets of circumstances. First the vertical develop- 
ment of land vegetation is restricted by the charac- 
teristics and limitations of supporting tissues, by 
the periodic stresses and breakage produced by 
strong winds, by the limitations of water-raising 
systems, and various other (actors. Secondly, the 
soil-air interface is a tremendously important physi- 
cal boundary. Below this interface there is no light, 
oxygen becomes a limiting factor, and water may 
saturate the soil at a depth of a few inches or feet 
or it may be in critically short supply. Thus the 
tallest living tree is a eucalyptus 364 ft high, and 
the roots of only a few species of plants extend to 
a depth oi 1(K) ft. Uiscounting airborne spores, in- 
sects, and siinildt material accidentally carried into 
the upper atmo.sphere, the maximum thickness of 
the terrestrial ecosystem in a given locality is less 
than 4()0 ft. Usually, it does not e::ceed 150 ft in 
thickness in forested areas and is much thinner in 
areas that support only grassland or tundra. On the 
other hand, the inhabited zone <»f a marine environ- 
ment may he greater than 30,000 ft thick, although 
food-producing plants are limited to the surface 
layers due to limits of light penetration. 

Temperature. Tlie great seasonal temperature 
variations and rapid lemperaliire changes in most 
terrestrial regions force periods of donnan<*y in 
plants and poikilothermic animals whose body tem- 
peratures approximate the environment. Homoio- 
thermic or warm-blooded animals, on the other 
hand, can remain active even during very cold 
weather if sufficient food is available. Aquatic 
plants and animals are not exposed to rapid thermal 
changes and the amplitude of the seasonal thermal 
cycle is much less in the water than in most terres- 
trial habitats. Not only is temperature regulation a 
greater problem in terrestrial habitats, but the 
functioning of the entire terrestrial ecosystem is 
controlled to a much greater extent by temperature 
changes. The fluidity of the atmosphere, the cy- 
clonic circulation of huge air masses, and the var- 
iations in solar energy result in considerable diurnal 
thermal variations as well as seasonal and secu- 
lar variations. During the growing season, or non- 
dormant periods, these thermal variations impose 
corresponding variations in the rate of productiv- 
ity of the green plants (through their effect on the 
rate of photosynthesis), on the rate of herbivore 
and carnivore harvesting activity (through their ef- 
fect on the physiology of the organisms; especially 
as they impose dormancy due to low temperatures 
or estivation due to high temperatures) , and on the 
energy expenditures of homoiotbeAnic animals 
(through their effect on the temperature gradient 
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biBtweeii die air and the bodies of the animals and 
die respiratory activity required to maintain body 
tempmiture). See Hibehnation; Homeostasis. 

SMtonal effects. During the cold or dry dor- 
mant seasons, the primary production of the terres- 
trial ecosystem is drastically reduced or even 
halted. Most herbivorous animals are inactive. The 
activities of herbivores that remain operative and 
the activities of saprophytes and scavengers that 
continue to feed during the unfavorable seasons re- 
sult in a net decrease in the standing crop, for they 
feed on materials elaborated during the preceding 
favorable season or seasons. Most poikilothermic 
carnivores are forced to remain dormant or die dur- 
ing cold seasons, but homoiothermic carnivores 
may remain active. In the latter instance, the car- 
nivores’ food preferences may change during the 
cold season, or their methods of hunting may be 
changed to compensate for the cold-season habits 
of their prey. Migrations of populations are related 
closely to seasonal changes. Migration of some 
birds, for example, has been found to be triggered 
by changes in daylength. But avian populations that 
are dependent on insects migrate to and from an 
area at times that correspond closely with the ver- 
nal increase and autumnal decrease in insect popu- 
lations. Other species that are dependent on plant 
foods migrate at times when the daylight period be- 
comes too short to allow the consumption of suffi- 
cient plant food to carry the animals through the 
longer dark period. Many grazing and browsing 
mammals migrate vertically in mountainous areas 
or horizontally in level areas to obtain food and to 
benefit from more favorable climatic conditions. 
See Migratory behavior. 

Unfavorable seasons also affect aquatic commu- 
nities. especially fresh-water communities, but the 
seasonal changes generally are less intense, the ac- 
tivity of primary producers generally does not ebb 
as low as in terrestrial communities, and the limit- 
ing factors are most often a lack of oxygen and 
nutrients rather than extremely low temperatures 
or the unavailability of water. Animal activitv in 
aquatic habitats is also reduced during unfavorable 
seasons, but the level of minimum activity in the 
aquatic environment of deeper fresh-water bodies 
and in the oceans is considerably higher than that 
in the terrestrial environment. 

Catastrophic agents. Fire, windthrow, and many 
other catastrophic agents are peculiar to the ter- 
restrial environment and play important roles in the 
functioning of the ecosystem. Furthermore, the ter- 
restrial environment is the habitat of man and is 
more subject to human interference than the aquatic 
environment, particularly the marine segment of it. 
Human influence is so great that man has substi- 
tuted artificially maintained ecosystems for natural 
ecosystems. The artificial ecosystems are repre- 
sented on land by farmed areas, managed forests, 
urbanized areas, and similar developments. See 
Ecology, applied. z 

Eiwrgy. Terrestrial ecosystems differ from 
aquatic ecosystems in another significant aspect. 


They are dependent on stored nutrients that may 
have been residual for hundreds of' thousands of 
years. They are marked by a continual net loss of 
nutrients and other physical components through 
erosion and leaching, while there is a concomitant 
net gain to the aquatic ecosystems. Except in cer- 
tain restricted areas, the use of aquatic food by 
terrestrial animals, the phenomenon of salt spray, 
the filling of lakes and bogs, and the harvest of ma- 
rine and fresh-water organisms by human activities 
represent a small return of materials to the terres- 
trial environment. Much larger returns are made 
by crustal upheavals that expose sections of the 
ocean floor and once again make available to ter- 
restrial organisms the materials accumulated on the 
ocean bottom. The reverse also takes place, and 
former land areas may be depressed beneath the 
surface of the oceans. 1'hese crustal movements re- 
sult in a long-term recirculation of mineral ele- 
ments as well as a periodic renewal of erosion cy- 
cles. The terrestrial and aquatic ecosystems are 
also connected in a g4fat many other direct ways, 
so that it is most logical to consider the entire 
earth and its envelope of gases to be the ultimate 
ecosystem. However, this world ecosystem is an 
open system and is dependent upon an external sup- 
ply of energy, chiefly from the sun, and is influ- 
enced by a variety of forces of external origin. 

Trophic levels. If the weight (biomass) of the 
living components of an ecosystem at a given mo- 
ment is determined, separated into weights for the 
various trophic levels (green plants, herbivorc'i, 
predators, scavengers, and saprophytes), and fig- 
ured graphically, a pyramidal form of graph re- 
sults. In the terrestrial ecosystem, the grfen planl*^ 
are relatively long lived; some live for scvcrttl 
weeks, others for years, a few for centuries. Be- 
cause th^ green vegetation is the primary producer 
level an# thus limits the bulk of organisms that 
can feed upon it and because the green vegetation 
is long lived, its biomass is greater than that of 
arty other trophic level or of ail other trophic levels 
combined. In aquatic ecosystems, however, this is 
not necessarily the case. Where short-lived plankton 
forma are the predominant green vegetation and 
longer-lived fish and bottom organisms are the her- 
bivores and carnivores, the biomasses of the higher 
trophic levels often exceed that of the primary pro- 
ducers. Of course, when the annual production of 
the various trophic levels in either ecosystem is cal- 
culated. the production of the green vegetation is 
greatest. 

Productivity, From the meager quantitative data 
available on the primary productivity of various 
ecosystems, it appears that no generalization can 
be made concerning the comparative productivity 
of terrestrial and aquatic communities. Further, it 
is apparent that productivity in either environment 
is not a regional characteristic, but is dependent 
wholly upon the ecosystem involved. According to 
summaries made by E. Odum (1953) , an Ohio corn- 
field was found to produce 862 metric tons of or- 
ganic carbon per square kilometer per year, the 



irceB in a New York apple orchard produce 526 
European forcets produce an average of 225, cultll 
vgted land on the average produces 160, a dry grass- 
land produces 48^ and a desert produces only 6 
metric tons, H. Odum, et al. (1958) present data 
that indicate that a montane rainforest in Puerto 
Rico produces approximately 1100 metric tons, and 
data presented by A. Krogh (1934) indicate that 
a Danish beech forest may produce 1500-2000 
metric tons. 

For comparison, data cited by E. Odum (1953) 
show that several lakes in the north-central tJnited 
States average 111-480 metric tons per square kilo- 
meter per year and that several marine communities 
average 60-1000 metric tons. Significantly higher 
annual primary production has been reported by 
H. Odum (1957) for a fresh-water spring in Flor- 
ida. 6390 metric tons, and by E. Odum and H. Odum 
(1955) for a coral atoll in the Pacific Ocean, 8328 
metric tons. 

Trophic structure. The trophic structure of ter- 
restrial and aquatic ecosystems is strikingly similar 
(see table). There is more variability within the 
.series of analyzed terrestrial communities than 
there is between those communities and the aquatic 
types. In addition, the relative efficiency of the veg- 
etation, in terms of the proportion of incident solar 
radiation converted to stored form in organic car- 
bon compounds, is virtually identical for the terres- 
trial and fresh-water communities listed, although 
the efficiency of the tropical atoll community was 
ronsiderably greater. In all the ecosystems, a rela- 
tively low proportion of available solar energy is 
utilized directly by the biota. 

Energy transfer. The energy transfers that oc- 
cur in a beech-maple forest community in the cen- 
tral United States have been estimated by J. S. Mc- 
Cormick (1959) and are an example of terrestrial 
systems in general (see illustration). The energy 
utilized each year by the organisms in an acre of 
this forest is approximately equivalent to the elec- 
tricity required to supply an average New York 
City household with power for nearly half a cen- 
tury. Virtually all the energy that enters the sys- 
lein directly is in the form of sunlight, but only 
about 1 % of the available solar energy is actually 
transformed by green plants into the chemical en- 
ergy of food. Approximately 10% of the solar en- 
ergy is reflected from the plant surfaces, 15% is 
passed through the leaves, and 74% is dissipated 
as heat. 

A portion of the energy stored in basic foods or 
in photosynthetic products manufactured by green 
plants is utilized by the plants in respiration and 
the remainder is stored in the form of plant tissue. 
Part of the energy of plant tissues harvested and 
utilized by herbivores such as insects, rodents, and 
deer is dissipated as heat by respiration, and part 

Pathways and magnitude of energy transfers in a 
beech«maple forest In the north-central United States, 
(Prom J. S. McCormick, The Uvmg Forest, Harper, 
1959 ) 
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• Ratio of enerjfy transformation to incident solar energy. 

t Computed on basis of light reaching community rather than light reaching water surface. 


is stored in the body tissues of the herbivores. The 
energy contained in the tissues of herbivores is uti- 
lized by predators and the tissues of predators are, 
in turn, utilized by secondary predators. At each 
step, some energy is lost to the community through 
respiration and part is unharvested or unassimi- 
lated. 'Fhe unharvested and unassimilated energy 
accumulates chiefly on the forest floor in the form 
of dead leaves, twigs, flowers, fruits, fallen trunks, 
dead bodies, feces, and liquid wastes and is uti- 
lized by scavengers and saprophytes. Ultimately, all 
the energy that enters the forest communit\ is dis- 
sipated as heat by respiratory processes, is lost in 
the bodies of plants and animals that leave or are 
taken from the forest, or is lost in the form of 
heat evolved by forest fires. In natural communities, 
these losses are balanced, or at least offset, by an 
increment of materials that enter the community 
from other sources. See Ecology. [.t.s.m.I 
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Terrestrial electricity 

Electric phenomena and properties of the earth. 
The term terrestrial electricity has been used in 
the broad sense to include atmospheric electricity. 
Geoelectricity is perhaps the preferred term for 
denoting electric properties of the nonatmospheric 
earth and electrical phenomena which transpire in 
the earth. Earth currents is the term used by 
specialists to denote a class of natural electric 
phenomena which belong to a world-wide system. 
These phenomena are related to many of the 
changes of geomagnetism, and some of their aspects 
are correlated with disturbances of the ionosphere. 


with solar flares, with polar lights, and with the 
periodic variation of sunspots. Earth currents m 
this restricted sense are the chief topic of thu 
article; but a few othii^r geoelectric phenomena are 
first briefly mentioned.' 

Local geoelectric phenomena. Electric currents 
which stray from sources of electric power (vaga 
bond currents, stray currents) have at times re 
quired the attention of engineers, but they aie 
mentioned here only because areas invaded hv siidi 
currents cannot be used for measuring either earth 
currents or the variations of geomagnetism becau'^e 
the former are often intense as compared with the 
latter. The intensity, in amp/cm-*, of the natural 
earth currents is verv small, generally less than 
10 amp/cin^. The potential gradient is so small 
that it is expressed in volts per kilometer. Other 
local phenomena or properties, such as the electro 
chemical condition of the soil, must be recognized 
and taken into account if confusion in the inter 
pretatioh of earth-c urient data is to be avoided 
One of these is the difference in the electro* hemi* al 
property of different soils. If in each of two siuh 
bodies of soil a probe (electrode) is embedded 
the equivalent of a battery is formed; and when 
the two probes are connected bv a conducting wire, 
a current will usually flow through the wire A 
pipeline laid in such soil conditions will start a 
current which helps to promote corrosion of the 
pipe unless the latter is insulated. In both these 
cases there may be little if any current in the earth 
before the conductor is introduced. 

Vertical earth currents. This term is used to 
denote a phenomenon observed chiefly in moun 
tains. According to one interpretation electric cur- 
rents flow in the earth from all sides of a mountain 
toward the top. No plausible explanation for such a 
phenomenon has been proposed, and consequently 
it has the attraction of a mystery. It is known that 
when two probes with the connecting wire are set 
along the slope of a mountain, current usually 
flows in the wire from the lower toward the higher 
point. Perhaps the soil between two different alti- 
tudes on a mountain slope contains some constitu- 
ents of a battery, the latter being completed when 
the probes are installed, and current flows only 


after the terminals of such a battery are connected, 
TbJ9 view is supported by some observations made 
by ecologists though not in the same mountains to 
which the earth potential measurements pertain. 
The ecologists found that the active acidity (hy- 
drogen ion concentration) of the soil on mountain 
..lopes increases as a nearly linear function of alti- 
rude. This is attributed to the more rapid leaching 
from the soil of the alkaline constituents. Such hy- 
drogen ion data may be used to calculate the elec- 
trical potential one might expect to measure in the 
appropriate region if the probes used are equiva- 
lent to hydrogen electrodes. The results, using the 
aridity data reported by S. A. Cain (1931) for a 
region in the Great Smoky Mountains, are: the 
jKitential decreases with altitude at the rale of 0.2 
xolt/km change of altitude. This gradient has the 
same direction and has two-fifths the magnitude of 
that derived from the direct measurements of earth 
potentials made in the mountains of Europe. This 
agreement may be enough to set up the explanation 
proposed here as a target at which to aim future 
investigations of the puzzling vertical earth (ur- 
rents. 

Natural georlectnc currents. Such currents are 
induced when water moves across the earth’s mag- 
netic lines of force. Evidence of such currents has 
been observed only in connection with tidal motion 
and some wave action. In the water the diie<tion of 
the cutient is, for the Northern Hemisphere, from 
the left to the right of one ^ho faces in the diiet- 
tion of the motion. 

Discovery of earth currents. Soon after the first 
((uninercial telegraph came into use (1844) there 
appeared at times stiange electric current*’ which 
intruded on the telegraph lines and occdsionall> 
interfered with the sending of messages. Because a 
Mnglc line was used, which when in operation was 
connected to earth at both ends, an additional 
c liannel was offered foi the electric currents of the 
earth. Close observation of the currents in lines of 
the British telegraph system led W. H. Barlow to 
conclude in 1847 that such cuirenls come from the 
earth and may be detected at any time but are usu- 
ally not intense enough to interfere with the tele- 
graph service. 

The occasions when these currents are unusuaJlv 
intense and impulsive are termed storms (earth- 
current storms) but they have no noticeable con- 
nection with weather. Other periods which are 
undisturbed are qualified as quiet or calm. These 
two different aspects of earth currents are dis- 
cussed separately after a brief description of the 
method of measurement. 

Earth-currant maasyMrament. No method has 
been devised to measure the earth-current density i 
directly: but i may be estimated from the relation 
* ** v/r, if r (the electric resistivity of earth) and 
V (the gradient of electric potential) aro known. 
Earth resistivity surveys have been made by^ a. 
method which indicates to some extent the varia-, 
tion of this property with depth, to depths of the 
order of 1 km* and also the variation with horizon* 


TarrailfWelaclvi|«^ 

tal location. Such surveys have been made «t four 
places where earth potentials have also been regis* 
tered, namely Watheroo, Western Australia; Ebro, 
^pain; Huancayo, Peru; and Tucson, Arizona. The 
data indicate that the over-all resistivity at a given 
place is essentiallv constant except for superficial 
decreases such as from dry to rainy periods, but 
that it may vary considerably from one site to an- 
ther. For example, at the Watheroo Magnetic 
Observatory, Western Australia, 5000 ohkn-cm mav 
be taken as representative, whereas at the Ebro 
Observatory, Torlosa, Spain, 15,000 ohm-cm is ap- 
plicable. These values seem adequate for making a 
rough estimate of earth-current density when the 
gradient is determined. Because the appropriate 
resistiviiv does not vary appreciably with lime, the 
temporal variations of the earth-current density 
(the features of chief interest) will correspond 
with those of the gradient. 

The potential gradient. This value is ascertained 
b> the of telegraph lines or with similar experi- 
mental lines constructed for the purpose. The 
potential difference between the points where the 
terminals of the lines make contact with the earth 
is usuallv registered aiitomaticallv. This difference 
of potential divided by the straight line distance 
between the terminals gives what may be termed 
one (omponent. But another for a different direc- 
ti(»n IS lequired Then suitable composition of these 
will give the potential gradient. It is convenient if 
lilt lines are so airanged that for one component 
the direction is north-south and for the other east- 
west. In this case the gradient is calculated, or con- 
structed graphically, just as in the case of the 
composition of forces; but when these directions do 
not differ b> 90^ a different treatment is required. 
This N-.S, E-W arrangement also facilitates the 
(oinparison of results from different obnervatories. 
It is unimportant whether the course of the wire 
which connects the terminal points be direct or 
roundabout except that allowance for its resistance 
may be required. 

Electrodes. Used at the terminal points to make 
(ontaci with the earth, electrodes must be given 
the most careful attention if erroneous results are 
to be avoided. Nonpolarizablc electrodes would 
seem to be ideal for such use, but they arc im- 
pra(ticable for permanent svslems because of the 
high fost of installation and the considerable effort 
required for maintenance. 

Lead, in the form of wire, has proved satisfactory 
AS an electrode material. This is laid in trenches 
deep enough so that changes in temperature and 
moisture of the soil are insignificant at least during 
] day. A wheel-like array of trenches which has 
been used consists of one or two concentric circular 
trenches and four radial trenches. The lead wire is 
laid on each side of a trench. Such a pair is cross- 
connected at intervals and good connection is made 
at all points where radial wires cross those in the 
circular trenches. At the center of' this array 
where the radial wires of the lead grid meet, a 
secure splice is made with the wire wMdh eon- 
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(Qioets Xht ekscirodes to the measaring instrument* 
itiis tplioe must be well insulated, protected from 
moisture, and placed at a depth where at least the 
diurnal variation of temperature is negligible. 

Periodic variations; electrode potentials. Long- 
period variations of the electrochemical environ- 
ment of the electrodes, such as an annual variation, 
are apparently unavoidable but unimportant. The 
more or less constant difference of contact potential 
between two electrodes would not be negligible if 
the aim is to detect steady unidirectional currents. 
These electrode potentials become a smaller part 
of the measured potential difference when the 
distance between electrodes is greater because the 
potential difference of the earth current is then 
greater. Distances as great as 300 km have been 
used, but satisfactory data for the diurnal variation 
and other variations of shorter period can be ob- 
tained with distances of 1 km. It is only such varia- 
tions that are discussed in the rest of this article. 

Earth-current storms. Some of these disturb- 
ances in earth currents are largely confined to the 
polar regions but others occur everywhere on the 
earth and at the same lime. Copies of the registra- 
tions for one such storm are reproduced in Fig. 1. 
This disturbance started shortly after 16 h Green- 
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Fig. 1. Earth-current storm of April 30 to May 7, 
1933, recorded at four places ranging in latitude from 
65°N to 30°S showing events which occur simultane- 
ously over the entire earth. (After o diagram in J. 
Wash. Acad. Sci., 26i7)i276, 1936) 


wich mean time, April 30, 1933; thei first moderate 
phase continued until about Greenwich midnight- 
then for about 11 hours relative quiet prevailed- 
after this a more intense phase of Ae storm began 
and lasted until about 2 b, May 2. A dorrespondence 
between some of the details in these records can 
be traced but it is sufficient here to note the corre- 
spondence in general features. There is a similar 
correspondence between these records and those of 
the earth’s magnetism for the same period. Appar- 
ently a relation between the disturbances in earth 
currents and those in geomagnetism exists. Other 
evidence bears this out. Both earth-current 8torm« 
and magnetic storms are associated with the oc- 
currence of auroras; both occur more frequently 
during periods when sunspots are larger and more 
numerous; for both there is a likelihood that 27 
days after a storm another storm will occur (27 
days is the rotation period of the sun) . 

It is to be expected that when magnetic changes 
are occurring electric current would be induced in 
the earth. The intensilfy of the earth current would 
be greater the more rapid the magnetic change. 
Slow magnetic variations which in time produce a 
larger change would induce only weak currents. 
Some evidence of such a relation is found when the 
electric and magnetic records are compared. But 
it also appears that sometimes the magnetic varia- 
tion is caused by the variation of the earth current 
It is conceivable that the latter relation may be 
noted at a place which is remote from the region to 
which the varying magnetic field is chiefl\ re- 
stricted, but within that region the former relation 
should be dominant. ^ 

Solar diurnal variation. This is the most con 
spicuous feature of quiet or calm days. The earth 
currents then change in a fairly regular manner 
during ihe day. As can he seen in Fig. 2, each com- 
ponent of the potential gradient of earth currents 
has two principal maxima and two principal 
minima. In the actual records there are irregular 
variations which do not appear here because the 
mean value for each hour was used in plotting these 
graphs. Most of the smaller fluctuations shown on 
the graphs are eliminated in the average diurnal 
variation for a month or for a year. There are sea- 
sonal changes in this diurnal variation and also 
changes which are closely correlated with the sun- 
spot number. These are most readily described 
with the aid of a hodograph of the potential gradi- 
ent vector, such as that shown in Fig. 3. One vector 
only is shown here as a broken line extending from 
the origin of coordinates to a point on the hodo- 
graph. It represents the average gradient vector at 
shortly before 9 a.m. at Tucson, Arizona. Its direc- 
tion is NE and its magnitude is 1.6 my/im. The 
scale for the coordinates may be used for measuring 
this. The hours counting from midnight are shown 
at intervals ; arrows indicate the direction in which 
the terminus of the vector moves. It will be seen at 
once that during the hours of daylight the gradient 
is much larger and changes direction more rapidly 
than in the night. At about 7.5 h the direction is 
north of NE and its magnitude is about 2,8 mv/km; 
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Fig. 2. Mean hourly voluot of northorly and easterly 
earth-current potential-gradients on three successive 
(January) quiet days at Tucson, Arizona. 


at about 12 h the direction is south of SW and the 
magnitude 3.3 inv/kni. 

The hodographs for different places differ con- 
siderably. Nearly all have an elongated shape like 
that seen in Fig. 3; the direction of the ma)or axis 
depends upon location, and in some cases the figure 
IS confined closely to the axis. In these cases the 
iiirrent is somehow restricted to flow almost only 
along this axis, but it changes from one direction 
to the opposite usually twice each day. This limita- 
tion to flow may be attributed to the wa> electri- 
cally conducting -matter is distributed in the earth. 
The water of the oceans is a much better conductor 
than other constituents of the earth. Consequently 
when electric currents from the ocean enter a land 
area their direction tends to be divert^ toward a 
direction perpendicular to the coastline nearly 
dll the observations made along the Atlantic Coast 
of the United States show this. Solar actiwty is 
correlated with the diurnal variation of earth cur 
rents. The amplitude increases as activity on the 
sun, measured by sunspot number, increases, but 
there is no marked change in the shape of the hodo- 

graph. , ... 

The seasonal change of the diurnal variation is 
such that the hodographs are larger from spring 
to autumn than in winter, but at some places t ere 
IS a marked change in the shape of the hodographs 
for some months. The latter pattern applies es- 
pecially to Tucson, Arizona. A plwsi e tixp a 
tion for this will be given later. But “n®***®' 
markable pattern feature “PP®®« 
having shrunk in December, the ho ogr P 
suddenly blown up in January J®®* ““f 
tions), shrink again in Februanr. and ‘ 
edly shriveled appearance in Marc , u 
expanded again in April. Whether this Janua^^ 
anomaly depends upon conditions in 
upon a somewhat localized and seawnal featwe 
of the ionosphere are stUl^unanswered quesUons. 


Lunar diurnal variation. A lunar day depends 
upon the rotation of the earth with respect to the 
moon, just as the solar day depends upon the earth’s 
rotation with respect to the sun. BecauM these 
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Fig, 3. Hodegraph reprsssntlng the pemntklhgrodleiif 
vMter of the overage diumol vorkrtlon of earth ear* 
rmis at Tucson, Arizona, for 10 qutof doyi oi^ 
month for Irta to 1042, taehnWe. 
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flays differ in length it is possible to separate the 
ponipoiieilt of the diurnal variation attributable to 
a lunar influence from that attributable to a solar 
influenoe* When this is done it is found that there 
is a lunar diurnal variation of double period with 
an amplitude about one-fifth that of the solar 
diurnal variation. A corresponding lunar diurnal 
variation is found for gpomagnetism — another of 
the numerous instances where there is similarity 
between these two aspects of nature. 

One of the theories which has been developed 
to account for the diurnal variation of geomagnet- 
ism is known as the dynamo theory. It is the only 
one which accounts for a lunar influence (see 
Geomagnetism). In a quantitative formulation 
of this theory, formulas are derived to enable 
calculation of the components of the potential- 
gradient vector for the diurnal variation in earth 
currents. The agreement of the calculated with the 
observed results is good enough, in most respects, 
to promote confidence in this theory. 

Large-scale patterns and summary. A world 

view of the systems of electric currents in the earth 
is shown in Fig. 4. This is a model which exactly 
represents the annual mean diurnal variation for 
Watheroo, Australia; Tucson, Arizona; and Ches- 
terfield Inlet, Canada. A number of large electrical 
eddies appear here. The curves which outline them 
are so drawn that the same (hut undetermined) 


amount of current flows between a4jaceQt curves. 
This does not apply to the central curves or the 
dotted ones in some of the weaker eddies. Arroi^g 
show the direction in which the curi^ent flows. This 
system is fixed with respect to the sun, which is 
directly above the center. As the earth rotates 
different aspects of the eddies appear at a given 
place. Take as an example Tucson, which is at 
about 32^ N latitude and about lll^W longitude; 
the local time is between 10 and 11 a.m.; one of 
the more intense tubes is over the place and the 
direction of flow is nearly due south. As this h\siem 
of currents moves westward relative to the earth 
there will be little change at Tucson either in the 
intensity or the direction of the current until 
about 13 h (1 p.m.) when the current begins to 
weaken and to veer towards the west ; at about 16 h 
it is weaker and the direction is NNE. One can 
follow the diurnal variation at Watheroo (near the 
western tip of Australia) in the .same way. This 
chart is not accurate '^r a number of other places, 
ft would better represent the observations at other 
places if the tubes of flow were regarded as \erv 
flexible, easily deformable, so that the shape of the 
tubes might he changed and even the centers d\<n 
placed all in such a way as to conform with the 
distribution of the electrical properties of the 
earth, especially in the more immediate enviion- 
ment of a given eddy. These eddies change from 



fig 4. World view of a system of electric currents In dient at Watheroo, Western Australia; Tucson, Ari- 
the earth which would produce the annual averoge zona; and Chesterfield Inlet, Conoda, on quiet days, 
solar diurnal variation in earth-current potential-gra- 




to winter. More currmt usually flows in 
thsia in summer than in winter and apparently 
they shift farther north in summer. This seems to 
he indicated by the change in the character of the 
hodogwP*^* of the diurnal variation from summer 
to winter at Tucson, Arizona. Daring the months 
from May to August, inclusive, hodographs from 
about 8 h to 16 h are very narrow, whereas in the 
four winter months they have a rotund figure. That 
this is the sort of effect to be expected if the 
centers of eddies pass near Tucson in summer and 
follow a course farther south in winter can be seen 
by an inspection of Fig. 4. 

A number of features of earth currents have 
been described or mentioned in this article without 
offering an explanation. Several examples may well 
be cited. That earth current storms are correlated 
with sunspot number, with aspects of auroras, and 
with some features of radio and the fact that they 
tend to recur after 27 days are cases in point. 
There are also questions with respect to quiet day 
phenomena, for example: (1) Why should the 
world-wide system of electric eddies be fixed with 
respect to the sun? (2) Why should it be most in- 
tense on the daytime side of the earth? (3) Why 
should it shift with season? (4) Why should it vary 
with sunspot number? (5) Why is there a lunar 
diurnal variation? 

The best answers or explanations to these queries 
that are now available were developed to account 
for variable aspects of geomagnetism, and these, 
insofar as space allows, are discussed in the article 
on geomagnetism. The broad qualitative aspects of 
these explanations can be readily extended to earth 
rurrenls. LO.h.c.] 
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Terrestrial force fields 

Fields of forces, emanating from the earth, and ex- 
tending with changing patterns into space. These 
include gravity, magnetic, electric, electromagnetic, 
and thermal fields. 

Gravity field. An essential part of the gravity 
field is caused by the Newtonian attraction of the 
<*arth’8 mass, a small pari by the centrifugal foiw 
of the rotating earth around its polar axis. The 
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jwgth of the gravity 6eld decteatea-^utaMe 
ute Mrth—with Uie Mpiare of the distance hmm the 
with 8 wuter. Because of this force field, fer in. 
BtMce, the moon and artificial eatellhcs arc held in 
orbits uound the earth. The force center is the oen- 
e^f the earth. See TsaRESTaiAL gravitation. 

Magnetic fiaM. The earth*, magnetic fidd has 
two force centers: the magnetic North Pole and the 
magnetic South Pole. Both poles are about 18* 
from the gMgraphic poles, but their location 
changes continuously. Ninety-four per cent of the 
magnetic force at the face of the earth comes from 
the earth’s interior; the remaining 6 per cent, 
from external forces, including the fields of the sun 
and moon. See Geomagnetism ; see also Aeromag- 
NETic surveying; Rock magnetism. 

Electric field. Electrical properties of the earth, 
especially attributes of current and conductivities, 
are becoming better known and understood. Most 
of the electrical character of the earth’s interior is 
surveyed only through assumption, mathematical 
probing, and other indirect investigation. Measure- 
ment and knowledge of electrical currents and of 
variations in electrical conductivity in both the rock 
shell of the earth and in its atmosphere are ^ esult- 
ing in widespread practical applicihtions, particu- 
larly in geophysical exploration and prospecting 
for minerals. See Terresiriai electricity see also 
Atmosphere; Atmospheric electricity. 

Elactromagmtic forca field. The electromag- 
netic field includes electric currents produced by 
the electrochemical activity of rocks in the earth’s 
crust and earth electric rurrenls induced by iono- 
spheric currents which correlate with diurnal 
changes in the earth’s magnetic field. The electro- 
magnetic field is subject to a growing amount of in- 
vestigation in the upper reaches of the atmosphere 
and in the transition to outer space. See Earth 
interior; Electrojet, upper air; Ionosphere. 

Thermal field. The earth’s temperature increases 
with depth about 1®/100 ft. As a result a strong 
thermal force field exists along the earth^s radius. 
See Earth interior; Geologic thermometry. 

For additional information see Aeronomy ; Geo- 
physical exploration. [w.a.h.] 

Terrestrial frozen water 

Seasonally or perennially frozen waters of the 
earth, exclusive of the atmosphere- Water in the 
frozen or solid state is the hexagonally crystallized, 
hirefringent mineral known as ice. Terrestrial ice 
' occurs in the form of temporar>^ seasonal accre- 
tions during the cold months and in the perennial 
ice cover represented by glaciers, land-fast ice 
(ice shelves), and subsurface ground ice in perma- 
frost regions. 

QIacierSy past and prasant Under present di- 
malic conditions the semipermanent terrestrial 
ice cover is essentially glacial. Glaciers cover ap- 
proximately 10% of the world’s land area (14,972,- 
1,38 km* estimated by R. F. Flint, 19S7). Of this 
ice, 96% lies in GreenJaiid (1,726,400 km*) and 
Antarctica (12,650^,000 km*), leaving only 4% of 




gjbMdkts in mnvinUlfiB and subpolar re^ 
Ii to be compared ndth approximately 
b{ tbb world^s land covered by glaciers during 
tlnAr' 'tonadmum extension in the Pleistocene Ice 
JktP^ A close estimate of the total volume of ter* 
teatrial ice is not possible because the thickness of 
the Antarctic ice sheet is not yet adequately known. 
Plint, in 1957, tentatively estimated the volume of 
glacier ice existing today as about 24,000,000 km^, 
'^equivalent to a layer of water having the area of 
the present oceans and approximately 59 m thick.” 
No estimate has been attempted of the volume of 
subsurface terrestrial frozen water existing in 
permafrost regions. 

Properties of terrestrial ice. Ice is one of the 

more abundant minerals on the surface of the 
earth. It is usually observed as colorless and trans- 
parent, but in large, dense masses it shows a vivid 
light blue color. The other physical properties of 
terrestrial frozen water vary considerably under 
changed conditions of internal temperature, load, 
crystalline orientation, and mass density. For ex- 
ample, ice has an indentation hardness which varies 
with the mass temperature and a scratch micro- 
hardness which differs with the orientation of the 
crystal plane. On the microhardness or Mohs scale 
at O^C it has a hardness of about 2 and at —44 
a hardness of about 4 (see Hardness scales). 
Coincident with this property is its variable plastic- 
ity or ability to deform under stress. The deforma- 
tion rate is considerably reduced under colder tem- 
peratures. At a temperature of — 1®C, the defor- 


Tabla 1. Temperature and pressure relationships for 
forms ol Ice and related liquid water* 


Forms 

Temperature, ®C 

Pressure, 

atm 

Water, ice-I, III 

-22 0 

2,047 

Ice-1. 11. Ill 

-34 7 

2,100 

Water, ice-III, V 

-17 0 

3,417 

Ice-III. 11. V 

-24 3 

3,397 

Water, ice-V, VI 

+ 0 16 

6,175 

Water; icc-VI, VII 

+816 

21,700 


* Based on data reported in 1940 by N E Doraey. 


motion (ffow) rate of iee may i 

expected to be slowed to approxipiagdy one*efth 
that at 0®C. For example, ice diilled^to — lO^C 
been observed by J. W. Glen to h«re 25 times J 
much ability to resist deformation ks iee at O^'C 

Special hydrothermal relationships. No signifi. 
cant influence on the deformation rate appears in 
ice through changes in hydrostatic pressure, the 
relationship being as negligible as in liquids; but 
the melting point decreases as the pressure in. 
creases. This amounts to a reduction in tempera- 
ture of 0.0075 for each atmosphere of increase 
in pressure. As a result of this property, the melt- 
ing temperature of an ice mass at any depth is 
fundamentally conditioned by the weight of the 
overlying mass. The term used to refer to this is 
pressure melting temperature. It is because of this 
characteristic that ice skating is possible. At the 
edge of a skate blade sufficient pressure is exerted 
to cause formation of a thin film of water, which 
serves as a lubricant Similarly, when a wire is 
pressed into a block of ice, or even when pieces of 
ice are pressed together, melting occurs at the 
contact surface. When the pressure is released, the 
water refreezes, uniting the ice into a contiguous 
mass. This is the process of regelation. 

Classification of ice forms. Although there is 
only one ordinary form or phase of terrestrial 
frozen water, ice-I, five other stable phases of ire 
exist, in addition to one unstable phase. These, 
however, are only the product of great pressure and 
are not found in normal conditions outside of the 
experimental laboratory. The stable, extraordinary 
forms are known as ice-II, III, V, VI, and^II; IV is 
the unstable category. Each of these reverts to 
normal terrestrial ice, water, or both, when the 
pressure^is released. Table 1 shows pressure and 
temperature parameters (triple points) under 
which these forms of ice and related liquid water 
exist. 

Massive ice constants. Because massive ice i** 
an aggregate of individual ice crystals, it may also 
be considered a monocrystalline rock. In the form 
of snow or firn (granular summer equivalent), it 


Table 2. Thermal constants of various forms of frozen water compared with liquid water and other substances* 


Water forms 
and other 
substances 

Conductivity, 

cal/(®C)(cm)(8ec) 

Specific heat, 
cal/CC)(g) 

Density, 

g^cm* 

Thermal 

diffusivity, 

cm*/8ec 

Relative 
diffusivity to ice 
(approx, ratio) 

Frozen water 
New snow 

0.0003 

0.5 

0.20 

0.0030 

0.27 

Old snow 

0.0006 

0.5 

0.30 

0.0040 

0.36 

Average fim 

0.0019 

0.5 

0.55 

0.0070 

0.64 

Fim ice 

0.0038 

0.5 

0.75 

0.0100 

0.91 

Ice 

0.0050 

0.5 

0.92 

0.0110 

1 

Comparativ. materials 

Water (O'^C) 0.0014 

1,0 

1.00 

0.0014 

0.13 

Rubber 

0.0005 

0.40 

0.92 

0.0014 

0.13 

Steel (mild) 

0.1100 

0.12 

7.85 

0.12 

11 

Aluminum 

0.4800 

0.21 

2.70 

0.86 

78 

Copper 

0.9300 

0,09 

8.94 

1.14 

104 


Based on data from U.S. Army Corps of Engineers, Resiea of the Properties qf Snow and Iee, 1951, wai 
othw soizrees as reported in M. M. Miller, Glaciathermal Studies on the Taku Giaeier, Alaska, 1954. 
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rtampw, Iia» a r wi uireci tion alone »r not snftclent. It » necewatv to 

'■onsider also the effect of the centrifugid force, 
(• * «)®r sin 0, of the earth’s diurnal rotation, 
where w =■ (7.2921 IS X 10 ' sec~’l is the angular 
velocity of the earth, r its radius, and &• the 


'*‘je„t and\ovr-lTequeTic7 alternating current; and 
1 X 10* ohm-cm at 60 kilocycles. The dielectric 
■onstant for low frequencies at O’C is 74.6 and for 
high frequencies and very low temperatures it 
drops to 3.0. Tee is also known as a poor conductor 

of heat. 

\ list of the thermal constants of various forms 
nf frozen terrestrial water under normal conditions 
h in Table 2 (as compiled from various sources for 
,he Juneau Icefield Research Program by M. M. 
Miller, 1954) • The general conductivities for snow 
and average firn noted in this table are based on 
data from the U.S. Army Corps of Engineers 
(.S'notc, Ice and Permafrost EstablishmeiU, 1951). 
The density of firn ice is chosen arbitrarily between 
given values for average firn and ice. For compari- 
,on the thermal properties listed in the Interna- 
tional Critical Tables for rubber, steel aluminum, 
and copper are also noted. The diffusivity figures 
in this table are rounded off for convenient refer- 
pnee .Sec Clacif.b; Crounw wmeh; Hydboi.ocv; 

S,R,' ACE WATER. M. MtlXER] 

Bibliography: N. E. Dorsey. Properties of Ordi- 
„„rr Water Substance, ACS Monograph 81. re- 
print 1954; R. F. Flint. Glacial and Plcistoirne 
Cenloev 1957; J. W. Glen, The creep of polycrv«- 
talline ’ice, Proc. Roy. Soc. 

M. M. Miller. Glaciothermal Studies on the » 
Glacier, Alaska, Assoc. Int. Hvdrol. Puhl H9. 1). , 
Review of the Properties of Snow 
Icc, and Permafrost Research Establishment. U.S. 
Army Corps of Engineers Rept. 4. 1951. 

Terrestrial gravitation 

The attraction of the earth’s mass at oi above a 

point on the earth’s sutface. The point is .ommonly 
designated P and the icrrcstrial gravitation given 

'’Vh^TmiOT component of terrestrial gravitation 
is deserTb^d by Newton’s law (sec C.^AVirATioN) . 
This assumes that all the earth s |nass s con- 


geocentric rolatitude of the computation point. 
Gravity g is the difference; gravitation minus effect 
of the centrifugal force, or 


^ = i rfm/e* — <i»*r sin* dl 

A«'tuaUy, g is the acceleration of the earth’s 
gravitv, but it is ciimmonly and simply called 
gravity and i® understood to havr the dimensions 
of ai'celeration. 

MEASUREMENTS AND OBSERVATIONS 
Gravity measuramants. The acceleration of 
gravity, briefly termed gravity or g, can be 
ured either by dynamic or by static devices^ The 
mosi-nsod dynamic method ineasuies the peiiod of 
d swinging body under the attraction of the gravity 
force. b> means of the ,,e.idulum. the reversible 
pendulum, or the gravity variometer. More recently, 
measurement of the velocity of a falling body has 
been iistd. Tlie st.ilic gnmp consists of the common 
spring-lmluncc gravimeters and the gas-pressure 
gravimeteis. Giavity measurements are either al>- 
s<ilute or relative. 

Pendulum method. Pendulum observations have 
been most used. Pendulums of invar, a nickel- 
.tecl alloy, have leplaced the older brass pendu- 
lums bcause the length of the invar pendulum is 
almost independent of temperature vanalions. ^ 
the other hand, the crvstdllinc structure of inva , 
like that of alloys in general, is variable and can 
cause small cbaiiges in pendulum length. Tn addi- 
tion. imar is sensitive to magnetic 
a Helmholtz coil must he used to protect the 

pendulum against such effects. .u. 

The single-pendulum apparatus is the simple, t 
in ptinciple. It is seldom used, howevcjr. heej^ 
the sway of the device’s platforrn 


This assumes that all tne car, ns ...... he sway of the device’s platform cannot ne easny 

.entrated at its gravity center C. Then ,„d changes in pendulum longih cau- 
tion at P may be said to equal the Newtonian elimmatca, a ^ multiple- 

gravitational cunsStant k mtiltiplied by Xnduhim**™)paitules eliminate these difficulties. 

M divided by the square of the distance r from the pendulum a, , 


M divided by me squaic px- 

point P to the point G. Ue 

presslon is C - kM/ry where fc • ^ 

(cgs units). Ine vaiu 

(1942, P. R. Heyl apd P. ^ lightly 

sibly the most reliable of ‘ | 

varying determinations by more a 

dieit scientists. A J “ Va^d S 

earth’s gravitation G may be gamed by expanding 

the integral 

G-fcJ]„We* 

»nh, fa. ais . s A. il«»» «' *• 


pendulum ap|)araiu?^tj» c..saa.»-.w 
When two pendulums swing in the same plane and 
have almosf the same length, the effect 
he eliminated. Changes in length can he deter- 
•«!rev,eot in the most unusual circumstance 
Sat both pendulums are changed the «««« 
and in the same direction. In 
vires two pairs of pendulums swing in different 
Iws. 90“ from one another. The accuta^ ^ 
miaftind is about 1 milligal (ingal)f althoui^ 
oSibridge University and the Gdf Oil 
tion have obtained accuraciM of 0.3-0.5 
gal is equivalent to an a^leratwn of 1 cm/he^, 
and a milligal to 0.001 cm/aec*) . 
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Fig. 1. Sterneck't four-pendulum apparatus. One 
pendulum of each pendulum pair is shown. In opera- 
tion, the apparatus Is in a high-vacuum flask Two 
pendulums swing in the same plane to eliminate the 
sway of the stand. 

The most-used pendulums are the sec pendii 
lums of the Sterneck type (Fig 2), because they 
are relatively short, with a length of 0 25 m These 
pendulums swing in a high vai uiim to minimize 
air-induced eriors. 

The differential equation of the pendulum 
method is ^ f (g//) ^ « 0, where fh is the 

elongation angle of the pendulum (angle measuied 
from its equilibrium position), <p its se<ond de- 
rivative with respect to time, I its length, and 
the gravity Fiom this equation is obtained the 
main term for the observed swinging lime, oi half- 
period, T : 



Since the elongation angle of the pendulum is 
not infinitely small, but has a value of about V 
22', an are correction AT is needed to obtain the 
coriected value To: 


To^T-~T 

Gravity observations at sea. If the suspension 
point of a pendulum has a horizontal acceleration 
y, then the following equations for two such forced 
pendulums of length /i and swinging in the same 
apparatus and in the same plane but in different 
phases, can be derived : 


•• I S I I •• 

^ 7 

• • . g ,1.. 

Under the condition that Zi « 
yields 


0 

0 


Z, 


subtraction 


This describes a fictitious free pendulum with 
elongation angle (p 2 ^ yi and of the length I of the 
original pendulums. 

This equation is the principle of the Vening 
Meinesz sea pendulum apparatus, which can elimi- 
nate the effect of the horizontal acceleration y of 
the boat. Because the length of two pendulums will 
in fact not be exactly the same, a small correction 
is needed. To ensure accurate results, three pendu- 
lums should be used and allowed to swing in the 
same plane. This gives two fictitious pendulums 
with elongation angles (^i — 92 ) and (^ — 
and two values for g are obtained. With %-hour 
observations made in a submarine at a depth of 
about 50 m, gravity can be read from the record 
with an accuracy of about 3 mgals. 

Using his apparatus from 1923 to 1938, F. A. 
Vening Meinesz made gravity observations at 
about 1000 points in\diffeient oceans. Later on, 
the Columbia University group under Maurice 
Ewing and L. Worzcl continued to make submarine 
observations at sea with similar apparatus cover- 
ing more than WOO points. These epoch making 
observations have made possible the geodetic ap- 
plications of the gravimetric method. 

Sea and underwater gravimeters. During the late 
1950s, the test measurements of L Worzel, using 
tlie A Graf sea gravimeter, and the experiments 
made in the Gulf of Mexico with the L LaCoste 
sea giavimeter from a surface boat have shm>n 
that these devices yield almost the same accuracy 
as submarine measurements ^ 

The Gulf Oil Corporation’s underwater gra\i 
meter is used in waters to about 200 m depth 
(Fig 3) The apparatus itself lies on the bottom 
of the si^a during the measurement, but the result** 
aie registered in a surface boat. Measurement 
methods aie also in use in Italy, the Nethei lands, 
and Finland to measure gravimetrically the shallow 
waters of the Adriatic, the North, the Barents, and 
the Baltic seas. These methods aie very successful, 
yielding nearly the accuracy of gravimeter obser 
vations on land. In 1956 and 1957, T. Honkasalo 
was able to measuie gravity at 178 points in the 
Baltic Sea area and at 24 points in the Barents 


Fig. 2. Gulf minimum-pendulum apparatus. An extro 
pair of fused-quartz pendulums and pyrex knife-edg* 
flats illustrate the design of the minimum pendulums. 
(Gulf Research and Development Co.) 



Sea, even during a storm of 6 Beaufort. In uaing 
these gravimeters, no submarines are needed, and 
the necessary computation work is comparatively 
light. 

The Gulf and LaCoste underwater gravimeters 
have been used in several regions for gravity sur- 
veys of shallow areas. C. Morelli has surveyed a 
large part of the shallow waters of Italy; E. Teng- 
strom, parts of the shallow waters of the eastern 
Mediterranean; and P. Dehlinger, the shallow 
waters of the northern Gulf of Mexico. 

In all observations at sea — except in the under- 
water gravimeter measurements* -the Edtvds ef- 
fect, or the effect of the east-west component of the 
vessel’s velocity, results in an error of 4 cos ^ mgal 
for a velocity error of 1 knot; an error of this 
magnitude could easily be caused bv ocean cur- 
rents. Therefore, any method which can yield an 
accuracy of a few mgal is sufficient for gravity 
observations at sea. 

Absolute gravity measurements. In these meas- 
urements, the gravity g itself is measured directly 
Foi this purpose the reversing pendulum, invented 
b) H Kater, is mucli used. The swinging time T 
of the pendulum about both axes is held as equal 
as possible, which pel mils deleiminalion of the 
length I of an equivalent simple pendulum. Both 
/ and T aie needed for computation of g from 

- 7r=//^ 

Because absolute gravity is very impoituni in 
several seieiices and since the ohlamed ac curacy is 
not yet satisfactory, at least nine institutions 
around the world have made absolute gravity obser 
\ations, and the measuiements of foni olb^r insti- 
tutions are in ]ii ogress The classb falling both 
method of (,al]leo for the measurement of dl)solute 
giavjty has been improved, and several olhei meth 
(»ds have been invented: motion of re\ersib]e pen- 
dulums of different types, photography of a ficely 
falling graduated scale, free fall of an cmuhion 
(Odled rod, motion of two reveisible penoulum*- m 
opposite phase, photoelcctiic timing of the fiee 
rise and fall of a body, free fall of an inter 
ferometer mirror, and motion of a short and a long 
(200-m) wire pendulum in a shaft. 

The absolute gravitv values obtainetl have been 
tied directly or indiret tly to the location ol Pots- 
dam, where the first accuiale absolute measuie- 
ments were made in 1898-1903, and the following 
corrections to the Potsdam value have been ob 
tained: the correction from Washington, D.C., in 
1936, —16.2 mgal; from Teddington, England, in 
1939, —13.0; from Leningrad in 1956,. ‘^12.1; 
from Canada in 1960, —14.4; from Sevres, France, 
m 1%1, —12.7; and from Princeton, N.J.. in 1963, 
—14.6, for an average correction of —13,3 mgal. 

Thus the absolute value of 981,274 mgal meas- 
ured in Potsdam is 13-14 mgal too high. The nega- 
tive correction of the equatorial value, --4 mga , 
added to this gives a total correction of —18 mgal. 

Relafive gravity observation*. Since absolute 
measurements are difficult and time-oonsuming* 
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Fig 3 The Gulf underwater gravimeter and remote 
control Watertight housing cover removed. (Guff Re- 
search and Oeve/opment Co.) 


relative methods are most used. In these measure- 
ments, the ratio between the gravity gn, measured 
dl the gravity base station, and g, measuied at the 
giavitv field station, is obtained Tlie equation 
of the relative measuiements is the identity 
/f ' A'oAf/ifo If go IS known the ratio g/go obtained 
fioin the obspivalions giies the giavity g. 

In the relative observations, the length which 
IS diffirnll to measure, disappears and only the 
swinging times T and Tn aie needed, as can be seen 
from ilie formulas: 

g - 7 / /t go = Tol/ir- g go « 

(riatimrti rs Eailiei relative gravity observa- 
tions weie made mosilv bv the pendulum method 
ahead) described, hut gia\imeters are now used 
almo'^t ev liisivelv 

The gravimeters with a spring-balance system 
ha\e replaced the Haalck gasqiressiire gravimeter 
and tlie Holwee k inverted-pendulum method used 
bv P lejav in his global gravimetric explorations 
in Fiance, North \frica, and the Middle and Far 
Last 

The usual tvpes of gravimeter aie based either 
on the *-piing-halancc principle (stable system) or 
the astalic-balanc e pi inc iple ( unstable system ) . 

The principle of the stable sysi«>m is simple. 
When a weight hangs fiom a spring, the length of 
the spring will change with vaiiation of the gravity 
g. The greater the gravity, the longer the spring, 
r other conditions, particularly the elastic prop* 
eilies of the spring, remain unchanged, relative 
values of g tan be obtained by measuring the 
spring length at the observation point. The Hart- 
ley gravimeter, the Hoyt Gulf gravimeter, and the 
N0rgaaTd gravimeter are the best-known represem 
tatives of the stable type. 

The principle of the unstable gravimeters is more 
difficult to understand. The force of gravity is kept 
in unstable equilibrium with the resk<tring forces 
by a third force which enlarges flie effect of any 
change of gravity from its equilibrium value 
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Fig. 4. Principle of the unstable gravimeter. A mass 
MG at the end of a beam with length W is pivoted at 
O. The moment of its weight MGW sin ^ is balanced 
by the balancing couple, also a function of ^ 

(Fig. 4). The moving system has an arm hinged at 
one end and carries the weight MG at the othri. In 
contrast to the stable gravimeters, the spiing is not 
attached to the weight arm itself, but to a lever arm 
E at an angle jS with lespect to the weight arm JT. 
If the angle /8 is large, the spring-restoring-lorque 
curve becomes nonlinear. The instrument works 
close to the insiabilitv point so th<il its sensitivity 
is very high. The gravimeteis of LaCoste-Rombeig, 
Frost. Magnolia, North American, and Worden arc 
of the unstable type. 

When gravimeters are used for exploration pur- 
poses, to studv the gravity differences of relatively 
small areas, the range of (be gravinietei need not 
be large. This is in contrast to the requirements of 
geodetic gravimeters, the range of which must be 
large because they must measure gravity differ- 
ences of many hundreds or even several thousands 
of milligals. The N0rgaard gravimeter, range 2000 
mgal, and the Worden gravimeter, range 5000 


mgal, are the beat among the geodetk gravimeters 
The Worden can measure as much as the differ- 
ence between the gravity at the pdle and at the 
Equator. Its diameter is 12 cm, its height 29 cm 
its weight 2.3 kg, or with the carrying case and 
base plate, 5.4 kg. The Worden gJravjmeter has 
been mostly used in the world-wide ’gravity corre- 
lation trips of G. P. Woollard and his group. 

Gravity theory and formulas. To develop the 
theory of gravity, the rotating earth is assumed to 
be a spheroid of equilibrium, represented bv a 
figure technically termed the geoid — the equipo- 
tential surface of the earth’s gravity which coin- 
cides with mean sea level. As both parts of the 
gravity field (Newtonian attraction and varying 
proportions of centrifugal force from rotation) 
act in a radial direction relative to a point and in 
amounts of force dependent on the distance to the 
point, their potential determines the shape of the 
geoid. The potential may be considered in varying 
degrees of complexity as to components and refine- 
ments of derivation, now largely developed in more 
technical liteiature and summarized in certain 
mathematical derivations and summarizing for- 
mulas. Two of the most useful such summaries are 
Cldiraiil’s formula for polar flattening, with what 
is termed accuracy of the first order: 

= — ( 1 ) 

in whiih m is the ratio of centrifugal force to 
giavity at the Equator, y/ , and p is the coefficient 
of the principal latitude term; and the formula foi 
theoretic dl gravity, with whdt i« termed ac curat v 
of the second order: ^ 

y = y^ (1 + i3 sin- ^ + c sin- 2^) (2) 

wherein y is the latitude of the place or station and 
c IS the t^oretic‘aI latitude constant 0.0000059. 

Several gravity formulas have been derived on 
the basis of gravity observations distiibuted on 
different latitudes around the woild and reduced to 
sea level either by the free-air or isostatic reduc 
tions. The ecfuatorial gravity value yt and the 
coefficient P of the sin- tp teim aie derived from 
gravity anomalies, and c is computed theoretically. 
Table 1 gives the parameters of some gravity for- 
mulas and the corresponding flattening /. Of the 
parameters of the international gravity formula, 
y/ - 978.0490 cm/sec'* was derived by W. A. 
Heiskanen in 1928; P = 0.0052884 is computed 


Table 1. Parameters of some gravity formulas and corresponding flattening of meridian 





Tubl a 2 . Otodtic nd frawlinttric iitr umtfi 

Inrornalional Corrected 


„ ^ 6,378,388 m 
J;297.0 

, _ 978,049,0 mftal 
] ^ 0.0052884 
-0.0000059 


a » 6.378,160 fit zt 15 m 
/ * 1:298.24 ± 0.03 
JB * 978.030.6 db 1.3 maal 
fi « 0.0053025 zfc 3 
-0.0000059 


I’oiedam b • 981,274 mnal Potedam g « 981,045.1 iiirq] 


from the flattening / » 1:297.0 of the international 
ellipsoid computed by F. J. Hayford in 1910; and 
( = —0.0000059 was derived by C. Somigliana 
and Gino Cassinis in 1930. These parameters are 
computed so that the geoid coincides with the 
international ellipsoid. The international gravity 
formula was accepted in the Stockholm meeting of 
the International Union of Geodesy and Geophysics 
(lUGG) in 1930 and is used in most coun- 
tries. However, geodetic, gravimetric, and satellite 
studies of recent years have indicated that the 
parameters need correction. 

Table 2 gives the present estimated parameters 
and the parameters of the international ellipsoid 
and the international gravity formula. Also, the 
old and new Potsdam gravity values are given. 

Tt is seen that in the international values a is 
about 230 m too large, / about 0.3 too large, and 
yt about 18 mgal too laige. Fortunately, in the 
geodetic and gravimetric applications ai these 
quantities, the values of the parameters have \ery 
little significance. If, for instance, the Potsdam ^ 
\alue is changed by 18 mgal, all g values will uNo 
<hange 18 mgal; yr, and with it y, will change al- 
most exactly 18 mgal — so that Ag = g — y is prac- 
tically unchanged. What is important is that all g 
values and y values are in the same gravimetric- 
system, that is, related to the Potsdam values. 

Reduction of gravity observations. The varia- 
tion of gravity with latitude is considered in gravity 
formulas, hut gravity also differs along the same 
parallel, depending on whether it is measured in 
lowlands, in high mountains, or at sea. Figure 6 
indicates that the observed gravities go and gi are 
not comparable with one another. (Gravity is ob- 
viously smaller than go because it is measured 
farther from the gravity center than go* Also, the 
gravity g 2 at sea is, or at least ought to be, smaller 
than g(u becau.se the density of the water is less 
than that of rock. 

Gravity values comparable with one another may 
be obtained by reducing them to the same surface. 
It is best, of course, to reduce to sea level or geoid 
because this is an equipotential datum ley<5l. Such 
reduction can be carrijsd out in different ways. 

Free~air reduction. This type of reduction con- 
siders only the effect of the elevation^ h of the 
observation point. The positive correction 2gA/r, 
in which h is the elevation and r the radius of the 
earth, changes with the latitude, but the value 
0.3086A (h in meters) is a good average and gives 
the correction in milligallons. This considerable 
correction^ by way of example, is +308.6 mgal 
for h « 1000 m, or +925.8 mgal for h -» 3000 m- 
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floifgaer reduction. The mass of the mountain 
wtween the observation point for gx and sea level 
should also be considered. Here, the increase In 
gravity indicates that something has to he sub- 
tracted from the observed value. This is the 
Bouguer reduction, which can l>e obtained from 
the formula 


4pm r 

where p ij, the rock density aiKl the mean density 
of the earth. Using the values p « 2.67 and p,,, •»* 
5..*>2. the Bouguer reduction is — 0.1118A. At sta- 
tions within rough topography, it is also desirable 
to add a terrain correction, which i.s positive for 
the mountain top as well as in the valley as shown 
in Fig, 7. The sum of the free-air reduction and 
the Bouguer collection gives the Bouguer values 
gn - (g 1-0.3086/1 — 0.11 18A + terr. cor- 
rection) 

It is necessary also to remember to add to the 
oceans a mass of density 1.643 » 2.67 — 1.027. 
Thus, the density of the ocean (1 027 is the density 
of sea water) would be changed to the same, 2.67, 
as the density of the rock. Thi^ is the Bouguer 
reduction at sea. 

Jsostatir reduction. In the isosialic reduction, it 
is assumed neither that the mountains are absolute 
mass surplus nor that the ot cans present any abso- 
lute mass deficiency areas; hence, an isostatic 
equilibriuni prevails. The mountain musses arc 
considered compensated bv the relalivel> light 
roots of the mountains, and the mass deficiency of 
the ocean basin is compensated by the heavy anti- 

Mountain 



Fig. 5. Since the gravity values gi, go» a**®* 
measured in different conditions, they cannot be com- 
pared with each other until they have been reduced 
to sea level. 



Fig. 6. Terrain correction Is positivo, both at tho 
mountain top station and at valloy itotlon, bocouso 16 
{ah th® COSO, tho Bouguor ploto subtracts tho non** 
oxistont mass of tho dottod part/ in (b)> tho socond cosO/ 
tho moss hotebod aroo is above the oravlty station ond 
diminishes tho groVity. 
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Rg. 7. Iiostatically compensoting light roots of the 
mountain and the heavy antiroots of the oceans. The 
under boundary of the earth's crust is an exaggerated 
mirror picture of the topography. 

roots of the oceans, as diagrammed in Fig. 8. Such 
isostatic views offer compensations for the evident 
Bouguer gravity anomalies, which are known to be 
strongly negative in mountain areas and still more 
strongly positive at sea. The subterranean and sub- 
marine mass distribution of the earth’s crustal 
rocks, therefore, is assumed to explain the surface 
anomalies by isostatic equilibrium and to yield a 
basis for computing adjustments or corrections 
for the surface gravity anomalies. After isostatic 
reduction, gravity values arc those of a smoothed, 
fictitious earth, with neither mountains nor oceans. 

Tht gMid of Europe. As an example of the 
gravimetrically computed geoids. the geoid of 
Europe, computed in the Mapping and Charting 
Research Laboratory of the Ohio State University 
in 1957, is diagrammed in Fig. 9. The contour 
curves of 2-m interval are drafted on the basis of 
computations of N (distant e between geoid and 
earth spheroid) at more than 1000 points, in cor- 
ners of every square degree. This geoid covers the 
area between the northern latitudes 30® and 60° 
and between the longitudes 5°W and 30°E. 

Almost all N values of this geoid are positive 
They increase gradually from the (7ulf of Finland, 
where ^ is -flO ra, to Spain and to the Mediter- 


ranean, where it exceeds +40 m. The unusuallv 
large gradient of the geoid contour between South 
Italy and Crete is striking. North of Crete, the 
gradient of the geoid is an even 11 m per 100 km. 

This geoid and others similar arp of basic sig. 
nificance for geodesy and also cast new light on the 
structure of the earth’s crust. If the flattening 
value of the meridian is changed, then the j9 term 
of the gravity formula and consequently the grav- 
ity anomalies Ag and the N values, which depend 
on the Ag% will also be changed. For every flat, 
tening value, different N values exist. If, for 
instance, the flattening value is changed by 0.3%, 
the polar N value changes about 70 m. In practice, 
the geocentric radii R of the geoid rather than the 
undulation values are needed. The radii R are the 
sum of the geocentric radii Ro of the reference 
ellipsoid and the N values. Thus R ^ Ro + N. 
When i is changed, Ro changes too, but the JV 
values change in opposite directions. Since val- 
ues are not absolute, it should be noted in all A 
maps to what flatten^g value N values refer. 

The absolute errors of the contour lines of this 
geoid might be about 5-10 m. This is caused mostly 
by the effect of the gravimetrically unsurveyed re 
gions of the Southern Hemisphere and of several 
large unsurveyed areas of the Northern Hemis 
phere. Only more gravity observations can improve 
results. The error of the shape of the geoid is miuh 
less, hardly more than 1 m, because the effect o( 
the unsurveyed areas far from Europe causes al- 
most the same error for all of Euiope. 

Several other local and global geoids have been 
computed by the gravimetric method. "Jbe result*' 
have not yet been very good, because the woild 
not yet sufficiently surveyed giavimetrically Most 
parts of the oceans, particularly in the Southern 
Hemisphere, as well as large areas of the (onti 
nents, are not yet explored' gravimetrically. As 
soon as these big gaps in the gravitational anomaly 
field are filled by some method, the accuracy of our 
knowledge of the geoid’s undulations will be in- 
creased by a factor of 3 to 5. According to present 



these undulations are relatively small 
^Idom exceeding 50 m. It is also almost certain 
that the earth is not a triaxial ellipsoid, but a 
geoid o£ great irregularity caused by irregular 
disturbing masses, many of which are unknown. 

In fact, the visible and invisible irregularities of 
the earth’s mass cause the gravitational anomalies, 
and also affect the size and shape, of the earth. If 
the earth were in hydrosUtic equilibrium, both the 
gravitational anomalies and the undulations of the 
geoid and deflections of the gravitational force 
{rom the vertical would be very small. 

Physical applications of anomalies. Cravita- 
tjonal anomalies play an important role not only 
jn geodesy but also in geophysics. In fact, these 
anomalies were used in studies of the earth’s inte- 
rior earlier than it was possible to apply them to 
geodetic purposes. For physical studies of some 
particular area, only the gravitational anomalv 
held of the area in question and of its neighbor- 
hood is specifically needed, but the gravitational 
anomaly field of the whole earth must be known 
before the gravimetric method tan be applied in 
ph>sical geodesy. 

ISOSTA8Y 

(/Pophysics, where giavity anomalies have been 
mainly and most sudessfully used, is the study of 
the isostatic equilibrium of the earth as well as ol 
the thickness of the earth’*' crust and its relation- 
ship to the topography. .See Cfochysiis 

The topography of the earth with its mountains, 
valleys, ocean islands, and ocean basins indiuitcs 
that the earth is not in hydrostatic equilibrium On 
the other hand, the distribution of the gravity 
anomalies in the mountains and oceans sh.#ws that 
the earth’s rnisl is in almost complete isoslatic 
equilibrium. By isostatic equilibrium is meant such 
distubution of the masses in the earth’s interior 
that there is a certain depth (the depth of (om- 
peiisation) at which all unit surface areas are 
under the same pressure regardless of whether the 
suiface unit is under a mountain, lowland, or ocean 
Ihis IS possible only when the mean density of the 
earth layers down to the depth of compensation is 
smaller under the mountains and larger under the 
o( cans than under the lowlands. 

Main isostatic systems. Three iso'^tatu systems 
have been developed: the Pratt-Hayford system, 
the Airy-Heiskanen system, and the Vening 
Meinesz-system (Figs. 10-14). 

Pratt-Hayford system. In this system it is as- 
sumed that the density of the earth’s crust becomes 
smaller as the elevation increases. This is analo- 
gous to fermenting dough, the density of which 
will be smaller us the dough rises higher. At the 
depth of compensation, the unit surface areas are 
under the same pressure or, what is almost the 
carry the same mass, regardless of wheie 
the mass unit is located. See Figs. 9 and 10. 

Mry-Hoiskanon system. This system is in sha^tp 
contrast to the Pratt-Hayford system- It postulatfs 
that the higher the mountains, the deeper they arc 
sunk into the underlayer, and that under the oceans 
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Fig. 9. Pratt-Hayford isostatic system. To simplify the 
isostatic computations of Pratt-Hayford, Hayford com- 
puted the depth D of compensations from the physical 
surface of the earth instead of from sea level. 



Depth of compensation 


Fig 10 Idea of Pratt's original isostatic hypothesis. 
Smaller density of the mountain columns and greoter 
density of the ocean columns compensate the mast 
surplus of the mountains and mass deficiency of the 
oceans The density values 2.67, 2.62, 2.57, and to on 
correspond to the D volue of 100 km. 

aic antiroots of heavy material. Moimtains are 
assumed to be floating in the heavier substratum as 
icebergs float in the oceans The difference is that 
though the roots of icebergs begin at sea level, the 
roots of the mountains begin at depths of about 
10 kin. The light roots of a mountain compensate 
the mass of the mountain. In a similar way, the 
heavy antiroots of the oceans compensate the mass 
iefitiency of the ocean itself. The underboundary 
of the crust is an exaggerated reverse image or 
mirror picture of the topography. The higher the 
mountain, the deeper the roots; the deeper the 
ocean, the thicker the antiroot. Figure 12 illus- 
trates this system. The original idea of Airy Ih 
1855 is shown in Fig. 13. In this assumption, which 
is in agreement with seismic evidence, a constant 
compensating density of Ap » 0.6 is used to com* 
pule the thickness t ol the root and Ae thickness 
e ol the anliroot. The equation expressing the 
compensation in the continents is pfi • ox 
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Rq. n. Alry-Halskanen isostatic system. The moun- 
tains float in the denser substratum as icebergs do in 
the ocean. The light roots of the continents and the 
heavy antiroots of the oceans compensate the topo- 
graphic masses. 


Fig. 12. Airy’s origi- 
nal fsostatic assump- 
tion. The root B com- 
pensates the mass of 
high plateau A. 

t = ph/Ap^ where h is the elevation of the topog- 
raphy and p ia the density of the light areas in the 
figure. In the ocean areas, the equations are as fol- 
lows: (p — 1.03) A' = Ap*t\ r' = (p 1.03) 
AVp, where hf is the depth of the ocean; the 
quantity 1.03 is the density of the oreun water. 

The obtained gravitational anomalies Ag are ex- 
pressed in the form Ag *= a + bh, where a and h 
are constants to be computed from the anomalies. 
If one assumes perfect isostasy, the most plausible 
value for the basic thickness T of the earth’s crust 
(the thickness it would have at that point if there 
were no mountain or root) is that which will give 
b the value zero ; thus the obtained gravity anoma- 
lies are assumed to represent thickness anomalies, 
independent of the elevation of the topography. 
Using this criterion, Heiskanen and his students 
have obtained the following as most plausible T 
values: in Norway 38 km, in the Feighana basin of 
central Asia 38 km, in the East Alps 20 km, in the 
West Carpathians 30 km. C. Morelli has obtained 
for North Italy the value 29 km, Hales for South 
Africa 30 km. When to these values average eleva- 
tion of the various mountains and corresponding 
thickness of the root are added, thicknesses of the 
whole earth crust under the mentioned areas are 
about 43, 42, 31, 33, 36, and 37 km. 

The obtained values agree well with the location 
of the Mohorovicic of M discontinuity of the 
earth’s interior, computed by seismic methods. 

The tendency of the earth’s crust seems to be 
toward isostatic equilibrium. In many cases, the 
equilibrium is already reached; in some other in- 
teresting areas, there are such complicating factors 
as tectonic phenomena, loading and unloading of 
the glacial ice sheet, sediment layers, and others, 
which prevent the crust from reaching an equi- 
librium. 



The gfmral root ttiooiir. la the ii^al ease, th 
mountains have normal roots, wbi^ means that 
equilibrium prevails and gravity anomalies are al- 
most zero. &mc features, for instance, the Harz 
Mountains or the Hawaiian Islands^ are too small 
to reach equilibrium; their smaD root formations 
result in unusual positive gravity anomalies. There 
are also areas, such as the belts of negative anoma- 
lies of the East Indies, the West Indies, and the 
sea off Japan, where there seem to be root forma- 
tions but no mountains, and systematically nega- 
tive gravity anomalies (see Fig. 15). 

Isostatic anomalies in isostatically compen- 
sated areas. It is worthwhile in this connection 
to emphasize that in areas of rough topography— 
as in the mountains, along the ocean shore line*;, 
or on ocean islands — the isostatic anomalies are 
large regardless of the fact that isostatic equilib- 
rium prevails. The reason is simple: the topo- 
graphic masses are fairly close to the observation 
points, whereas the equal compensating masses are 
at a depth of about 15 km under the continents 
and at a depth of about 20 km under the oceans. 
Therefore, the attraction of the topographic masses 
is overwhelmingly dominant, causing correspond- 
ingly large isostatic anomalies. 

As schematic examples, two cases are presented: 
a clrculai seamount emerging from a depth of 1000 



Fig. 13. In Vening Meinesz's regional isostatic-float- 
ing theory, the compensating masses of the mountains 
(and of the oceans) are distributed broadly in the 
horizontal direction. The topography Is a load on an 
unbroken crust or, in ocean areas, a load taken away 
from the crust. This illustrates the difference between 
the local and regional compensation. 


Mountain 


Ag'O 


Afl'O 

Mountain 



Fig. 14. General root theory. If the mountains have 
normal roots, Isostatic equilibrium prevails. When 
there are root formotions without any mountolns, or 
mountains without any roots, there is no isostatic com- 
pensation and gravity onomolies Ag are negotivo and 
positive, respectively. 
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m to sea level, and a circular plateau 1000 m above 
the surrounding area. In Table 3 the effect of to- 
pography isostatic compensation r, and (t + c) 
of the seamount inside the Hayford zones A-I, A-L, 
and A-N are given. In Table 4 the effect of t, c, and 
(f+c) in the circular plateau inside the zones 
A-I, A-L, and A-N are given. It is seen that the ef- 
fect of c is very small as compared with the effec t of 
/, which is almost constant. The effect of c will in- 
crease with the radius. At a distance of 167 mi 
(Hayford zone 0) c is almost zero in both cases. 

There are several kinds of formations in whuh 
positive or negative isostatic anomalies are found 
legardless of the fact that isostatic equilibiium 



Rq, 15. Land uplift in Rnland according to 
K&5r»inon. Rgoroi 9 . 0 . 8.0, 7.0, and lO on givo tlw 
isobaiis of lond uplift In milUmotart par year. 


prevails. Therefore, the “permiMible” uostatlc 
anomalies caused by the irregularities of the topog- 
raphy must be computed before any geophvsical or 
geodetic < onclusions can be drawn. 

Isostatic roadiustments in naturo. The postgla- 
rial land uplift in Fennoscandia and the uplift of 
the bowls of the glacier areas in Greenland and in 
Antan tica are examples of nature’s current great 
isostatic “experiments,” In Greenland and in 
Antaictica. the earth’s ciust has st.nk under the ice 
load of 2-3-km thickness, apparently until isostatic 
equilibrium prevails. Best evidence for this is the 
fad that the thickness of the ice lasers is in many 
places much higher than the elevation of the 
glacier above the ocean level. 

In Fennoscandia. this so-called experiment of 
nature ‘•hows another phase. During the glacial 
period, the earth’s < rust was depressed about 
700 m. At the end of the glacial peiiod, the crust 
was uplifted about 2S0 ni. latc-r reaching 270 m in 
the Inghest aiea. Since the eailh’s crust is not yet 
in (Mjuilibrium, it is still rising about 90 cm per 
TOO \edis This uplift of land will continue until 
e(|uilil)riiini is almost reached. 

Figure 16 shows the rate of land uplifted in Fin- 
land, (ornpiited from the elevation differences -ob- 
tained fiom two precise level detetminations at an 
Intel val of about .SO years ^Vc Gi oohsv. 

(w. A. heiskankn] 

Bibliography: D. E f^ray (ed.), Arne/ lean Insti- 
tutv of Physics Handbook^ 19.S7; W. A. Heiskanen, 
Ceodesy, Handbook of Geophysics for Air Force 
Designers^ Geophysirs Research Directorate of the 
AFCRC, 1960, W. A. Heiskanen and F. A. Vening 
Meines/, The Earth and Its Gravity Field, 1958; 
B F. Howell, Jr., Introduction to Geophysics, 
19S9, (;. P. Kiiiper, The Solar System, vol. 2, 1954, 


Terrestrial magnetism 

The natural magnetism of the earth. The designa- 
tion geomagnetism is now given some preference 
over the older term, terrestrial magnetism. Set 
♦ see also Aebomac,nltic survey 

roMPAss, magnetic; Declinometer; Earth 
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Terrestrial nuclear reactions 

Nuclear reaotiona which occur naturally in tha 
earth (see Nuclear reaction). These reactiefts 
may be divided into two main categories: (1) spon- 
taneous reactions such as natural ndioRCtivity and 
spontaneous fission of the heavior e}eii^« and 
(2) induced reactions produced by the internet^ 
of an incidont particle (projectile) «i a 
nucleus. The naturally occurring ftw of projtetjN 



etindble of producing induced nuclear reactions in 
the eanli and its atmosphere consists of the alpha, 
beta^ and gamma rays emitted by radioactive iso- 
topes, both primary and secondary cosmic rays, 
and ^e neutrons resulting from spontaneous fis- 
sion. The induced nuclear reactions may in turn 
produce projectiles for further reaction. For ex- 
ample, an alpha particle incident on the 
nucleus may result in its transmutation to the un- 
stable isotope with the emission of a neutron 
P^® then emits a positron decaying 
to the stable isotope Si^®. The neutron may then 
cause reactions, such as (a,y), (n,a), (n,2n), 
(n,p), or may induce fission in a heavy element. 
The positron is annihilated, releasing two energetic 
gamma rays (photons), which also may produce 
nuclear reactions. The net effects are the release of 
energy and eventually a shift in stable isotope 
abundances which may or may not be perceptible. 

It is safe to say that virtually all reactions which 
can be produced artificially also occur in nature. In 
fact, man has not yet succeeded in producing arti- 
ficially the full range of naturally occurring pro- 
jectiles such as the extremely high-energy nuclei 
in the primary cosmic ray flux. However, in con- 
trast to artificial and stellar environments, the rate 
at which terrestrial nuclear reactions take place 
is so alow as to be barely perceptible by the most 
sensitive techniques and the resulting shift in 
stable isotope abundance is significant only for 
isotopes of very low abundance. For example, the 
stable isotope of lowest abundance, He’, has been 
demonstrated to be wholly of secondary origin, 
resulting primarily from the spallation of atmos- 
pheric nuclei induced by cosmic radiation. In con- 
trast, the reaction Al-Ma,n)P'’® has shifted the 
terrestrial abundanc'e of Si’’” by about 1 part per 
10^** during the last 3,000,000,000 years. However, 
the total Si'’” produced during this time, although 
overshadowed by the high initial abundance of Si^”, 
amounts to almost 50,000.000 tons. 

In general, because of their very low abundance 
and inert nature, the effects of nuclear reactions 
can most readily be observed for the rare gases. 
Variations of over 300% in the A^” to A®** ratio in 
pitchblende minerals have been ascribed by W. H. 
Fleming and H. G. Thode (1953) to reactions such 

as a«(a,p)A« and A« G. W. 

Wetherill (1954) found variations in the Ne®’ and 
Ne^^ abundance in minerals which he ascribed 
to the reaction 0'*’(«,n)Ne*^ and F^®(a,n)Ne22. 
T. W. Morrison and J. Pine (1955) have calculated 
the neutron yield from (a,n) reactions in granite 
(0^«, Na23, Mg^\ Mg2«, AP^ Si*®, Si»” are the 
most fertile targets) . They were able to demonstrate 
that the theoretical calculation is in agreement 
with the directly measured neutron flux. 

As previously mentioned, the neutrons released 
from such (a,n.) reactions and from spontaneous 
fission, induced fission, and cosmic rays also result 
in nuclear reactions (for cosmic ray reactions 
which produce radioactive species see Radioactive 
species produced by cosmic rays). The reaction 


H^(n,y)D* is the result of the absorption of neu. 
irons in all hydrogenous substances. This reaction 
has a practical application in well logging. 

resulting from the reaction Li®(n,a)T'^ He® has 
been observed in the lithium mineral spodumene 
by L. T. Aldrich and A. 0. Nier (1948). Trans, 
uranium elements have been separated from ura- 
nium ores (C. A. Levine and G. T. Seaborg, 195i) 
The total terrestrial abundance of plutonium may 
be estimated at approximately 100 tons. The ‘'miss- 
ing” neptunian (4n + 1) series is also present in 
nature in minute amounts. However, the abundance 
of transplutonian elements seems to be too small to 
detect by present means. 

Small amounts of He^ have been produced by 
the photodisintegration process Be® ( y ,n ) Be® 
2He^ 

The half life for spontaneous fission is about 10 ^^ 
years. The amount of induced fission in uranium is 
critically dependent upon the presence of high 
cross-section neutron absorbers such as the rare 
earths. A careful search for the existence of self- 
supporting chain reactions in nature made by P. K 
Kuroda in 1956 indicates that, in all the older 
mineral assemblages studied, self-supporting chain 
reactions are quenched by the presence of rare 
earth isotopes. However, younger minerals of low 
rare earth content were found which might have 
supported a critical chain reaction if they had 
existed during early geologic history. Natuial <rilj 
cal chain reaction systems, formed during earl> 
earth history, were a transient phenomenon Stable 
mineral assemblages of critical composition were 
prevented from forming or were destroyed. 6ec 
Lead isotopes, geochemistry oi ; Radioactivf 
MINERALS. [P.F.D.J 

Bibliography: K. Rankama, Isotope Geology, 
1954. ^ 

Territoriality 

A pattern of behavior in which one or more animals 
occupy and defend a definite area or territory. 
They obtain their food from this area and exclude 
others of their species from it. Territorial behavior 
is highly developed among many kinds of birds but 
appears also, in somewhat different forms, among 
mammals, reptiles, fish, and social insects. Among 
singing birds, the males returning in the spring mi- 
gration choose territories, often the same ones oc- 
cupied the year before. By singing and displaying 
his colors, the male advertises to female birds that 
a mate and territory are available. When he is 
joined by a female, they build a nest in the terri- 
tory, and use it as a feeding area for themselves 
and for the young birds until these leave the nest. 
Meanwhile the male defends the territory by sing- 
ing to warn off other birds of his species and by at- 
tacking and driving off intruders. 

A whole area of forest or grassland may thus be 
occupied by birds of the same species, each with 
its territory. Each singing-bird species subdivides 
the area in a pattern of territories that is independ- 
ent of those of other species. Birds of different ape- 



ciefi may move through one anothers* territories 
without conflict. In a forest there may be vertical 
division of apace also^ with birds of similar food 
requirements occupying different levels with inde- 
pendent patterns of territories and without direct 
competition for food. Possession of a territory as- 
sures each pair of a food supply normally adequate 
tor themselves and the young birds in the nest. Ter- 
ritorial behavior also implies some stability of the 
bird population, and may have evolutionary advan- 
tage in preventing over-crowding. From year to 
year the number of territories in an area may be 
similar and young male birds, finding the area fully 
occupied, must seek other areas in which to estab- 
lish their territories. In some species there is a sur- 
plus of one-year fertile males that are unmated but 
available if mated males are lost by predation. 

Territorial behavior in some species differs from 
that described, in that a limited breeding or nesting 
area is defended, but the larger feeding area is not. 

In many mammals and reptiles, and some other 
animals, individuals, pairs, or social groups move 
over a fairly definite area in seeking food or when 
engaged in other activities. Such an area is termed 
a home range but not a territory unless it is de- 
fended against others of the species. See Behavior 
AND heredity; Social animals. [r.h.w.] 

Bibliography i L. R. Dice, Natural Communities, 
1952 

Tertiary 

The earlier major division of Ceno/oic time (Ceno 
701C Era), extending from the end of the Cretaceous 
fend of Mesozoic) to the Quaternary, or the later 
period of the Cenozoic. The tertiary is rhararter- 



ized particularly by (1) the rapid development of 
mammals and birds, grasses, higher types of flower- 
ing plants, and certain groups of invertebrates; 
(2) development of the modern configuration of 
the continental landmasses; and (3) widespread 
volcanic activity. Because of the great numbers 
and large size of its mammals, the Tertiary period 
is often called the age of mammals. See Cenozoic. 

The Tertiary System includes all rocks formed 
during the Tertiary period, but it is used most 
specifically with reference to the sedimentary rocks 
formed during this time, which contain the plant 
and animal remains that constitute the primary 
basis for identification. 


TaHhny «|t 

Uthoh^. The Tertiary rocks hn^ude all cMi- 
mon sedimentary types, both marine a|ui cMtb 
nental as wdl as intermediate types, and are, in a 
^oss manner, characterized by their unoonaeli* 
dated or partly consolidated nature and by the 
frequent occurrence in them of large numbers of 
well-preserved fossils. The Tertiary rocks are wide- 
spread in many parts of the world. Igneous types 
are best known in mountainous areas; nonmarine 
strata are most widely distributed in the central 
parts of continental land areas; and marine sedi- 
mentary materials arc most abundant around the 
continental margins near sea level, where they un- 
derlie large segments of the modern coastal plains 
and continental shelves. Marine Tertiary strata 
are also found at high elevations, for example in 
the Himalayas and the central plateau of Chiapas 
(Mexico), where they have been uplifted by vari- 
ous earth movements. 

Tertiary volcanic rocks arc thousands of feet 
thick in some mountainous areas of the world. 
Nonmarine sedimentary deposits are generally thin, 
although great thicknesses are present in some of 
the Rocky Mountain basins and in southeastern 
Europe. The marine Tertiary is very thick in some 
places, being in the order of 20,000-25,000 ft in 
parts of the Gulf of Mexico coastal area and in 
certain sedimentary basins of western North Amer- 
ica. 

Local names have been applied to the many 
rock units whic h «*ompose the Tertiary System, and, 
as a result, students of the Tertiary are confronted 
by a bewildering array of formational names. 

Limits and subdivisions. The boundaries of the 
Tertiary system are marked in some places by 
physical breaks in the sedimentary record Else- 
where the sequem e of strata contains no break and 
reflects continuous deposition from the Cretaceous 
period into the Tertiary, or from the Tertiary into 
the Quaternary. In these instances, division of Ter- 
tiary strata from Cretaceous or Quaternary ones is 
based arbitrarily on faunal or other evidence, if 
available, or on the needs and requirements of 
geologic work in the particular area concerned. 

The principal worldwide divisions of the Terti- 
ary, established mainly through studies of these 
deposits in western Europe, are the Pliocene, 
Miocene. Oligocene, Eocene, and Paleocene (see 
separate articles by these titles ) . 

Stratigraphic nomenclature. Data obtained by 
Arduino in Italy, by Cuvier, Brongniart, and De- 
shayes in France, by D’Halloy in Belgium, and by 
T. Webster, W. Buckland, and C. Lycll in England, 
were used by Sir Charles Lyell in 1833 to divide 
the Tertiary into Eocene (oldest), Miocene, and 
Pliocene, based on the percentage of living species 
contained in the deposits. Subsequently, the term 
Oligocene was introduced by E. Beyrich in 1854 
for deposits classed as Miocene by some and as 
Eocene by others. Additional studies resulted in 
the proposal by W. Schimper, in 1874, of tha term 
Paleocene for what had previously been considered 
earliest Eocene time or basal Eocene rocks, 




^ "Hme are now generally recogniaed and 

ifsed tlllOttgboiJt the world, although not <nrictly in 
accerduce with their original definitions. They 
litve been modified to some extent by additional 
data and by changing concepts, but even today not 
all geologists are fully agreed as to their precise 
usage and limits. In general, most modern workers 
do not base these divisions on percentages of living 
species since the percentages vary considerably 
from place to place in formations of the same age. 
Instead, subdivisions of the Tertiary are now ordi- 
narily based on the character and stage of develop- 
ment of the fossils and on the stratigraphic and 
structural lelations of the rocks containing them. 

In some instances the Tertiary has been divided 
into two major parts : ( 1 ) an older Paleogene or 
Nummulitic. including Paleocene, Eocene, and 
Oligocene; and (2) a younger Neogene, embracing 
Miocene and Pliocene. Although such a procedure, 
at least locally, is convenient and useful, these 
divisions are not generally accepted or applied. 

Fauna. The Tertiary fauna is dominated by 
mammals and birds on the land and by pelecypods, 
gastropods, and echinoids in the sea. During the 
Tertiary, archaic mammalian stocks, such as the 
pouched forms (marsupials) and insectivorous 
types, were quickly replaced eveiy where except on 
the isolated island coiuincnts (Australia and South 
America). The Cretaieous-Tertiarv boundary is 
marked by the disappearance of the large reptiles 
(dinosauis, ichthyosaurs, mosasauis, pterosaurs) 
and certain shell-bearing cephalopods (ammono- 
ids) ( haracteristic of the Meso/oic, together with 
the expansion of numerous mammalian stocks 
(marsupials, inspctivoies, and j)rimitive carnivores 
and ungulates). Other groups of animals, par- 
ticularly pelec\pods, gastropods, and foraminifers, 
show gradual model nuation from Mesf>zoic to 
Cenozoic. The Terliary-Quaternarv boundar> is 
e\en more tenuous paleontologically; it is rather 
arbitrarily marked b> the appearance of man or of 
works of man The terrestrial and marine faunas of 
Tertiary and Quaternary times differ chiefly in 
distribution rather than in composition. See Palio- 
botany; PALfONTOLocY [a.h.ch.;gi m] 

Bibliography: See Cf N070K 

Testacida 

An order of fresh-watei Sarcodina with one-cham- 
bered tests (see illustration) and filopodia. This 
order is also known as the Testae ea. These creep- 
ing organisms pull the body toward the point to 
which extended pseudopodia are attached. Major 
components of the test are typically siliceous 
which include sand grains, other foreign particles, 
and secreted plates. Many species thrive in acid 
waters of pH 5.0-6.4 which may favor extensive 
utilization of minerals, as in Euglyphidae. 

Life cycles involve fission, in which one organism 
commonly builds a new test while the other re- 
ceives the parental test, and encystment, or some- 
times formation of a **capsule'* by sealing the 
mouth of the test after retraction of pseudopodia. 



Areolla (order Testocido). (o) Test in side view with fiio. 
podia extending ventrolly, 80-140 p, in diameter, (fi) 
Structural elements of test. {From L H. Hyman, Ths 
invorfobrafos, voL 1, McGraw-Hill, 1940) 

Syngamy has been reported in a few genera. S^e 
Sarcodina ; Syngamy. | r.p.h ^ 

Testis 

The organ of sperm production. In addition, the 
testis (testicle) is an organ of endocrine secretion 
in which male hormone is elaborated. In mammals, 
the testes are usually ovoid or round. In many spe 
cies (for example, man) they are suspended in a 
pouch (scrotum) outside the main body cavity; m 
other species they are iound in such a pouch only 
at the reproductive season; in still others the 
testicles are permanently located in the abdomen 
(foi example, in whales and bats). 

Histology. Within a firm and thick capsule of 
connective tissue, the tunica albuginea, the testiv 
contains a varying number of thin (%-H mm) 
but very long seminiferous tubules which are the 
sites of sperm formation Essentially, these tubules 
are simple loops in the mouse and rabbit (Fig 1 
h and < ) which open with both their limbs into a 
network of fine, slitlike canals, the rete testis From 
this the sperm drains through a few, narrow ducts 
due til li efferentes, into the epididymis, l4ie storage 
chamber for sperm. 



Fig. 1 , Single seminiferous tubules teased out of the 
testis and somewhat stroightened ond arranged. The 
black lines are the hollow tubules. At their free lower 
ends, they were severed from their connections with 
the rete testis, (o) Mon. (b) Mouse (offer Hirofo). (c) 
Robbit. 



The acmiiufcroiis tubuleg in different gpedea 
vary greatly in complexity. Often they arV e*. 
trcmcly coiled and winding. Sometimes they branch 
and interconnect as in man (Fig. la). Their total 
length in man is about 700 ft, in the bull about 3 
miles. Each tubule is surrounded by a delicate 
membrane (Fig. 2a and 6) which is contractile in 
many species and enables the tubules to wriggle 
slowly. The spaces between tubules arc filled with 
connective tissue, blood vessels, and secretory cells, 
the interstitial cells or cells of Leydig. which 
secrete male hormone. The interstitial cells vary in 
different species and different periods in life. In 
the human fetus they are extremely abundant and 
presumably functional; later they regress and 
change into inconspicuous cemnective tissue cells. 
At puberty they reappear and enter the main pro- 
ductive phase of their life. 

Sperm formation. The sperm cells, spermatozoa, 
develop in the wall of the seminiferous tubules, 
cither periodically, as in most vertebrates, or con- 
tinually, as in man. Most of the cells in the tubules 
are potential spermatozoa. Nursing cells (cells of 
Sertoli) are interspersed at regular intervals be- 
tween them i Fig. 2a and 6) . 

Four cell types representing characteristic stages 
in the development of sperm cells have been given 
spp(’ific names. The youngest ones are called sper- 
matogonia or, at their earliest stages, stem cells. 
They lie at the periphery of the tubule and show no 
resemblance to mature spermatozoa. Once a re- 
productive phase has begun, the spermatogonia 
undergo periodic divisions. A few of them stop 
dividing after one or two mitoses and revert to 
stern cells. These are the progenitors of future 
jjcncrations of spermatozoa. Most spermatogonia, 
however, go through additional divisions and trans- 
ff»rrn into another cell type, the spermatocyte, in 
which the nucleus is slowly preparing for the 
maturation divisions (meiosis). The small cells 
resulting from these divisions are called sperma- 
tids. They are haploid: that is, their chromosome 
rurmber is reduced by one-half. Usually four sper- 
matids arise from one spermatocyte. The subse- 
quent transformation of the spermatid into a 
spermatozoon is called spermiogenesis. This is an 
extremely complex process involving development 
of a “head’’ through condensation of the nucleus, a 
“head cap” at the anterior pole, and a “tail.” 
During spermiogenesis, groups of spermatids be- 
come attached to each nursing cell and often indent 
its membrane deeply. Finally the spermatozoa re- ’ 
tract toward the lumen and are released; they are 
still hardly motile and usually not fertile. 

The duration of spermatogenesis is known with 
fair accuracy for several species. Usually it is 
about 5-7 weeks from the first spermatogonial 
division to the release of the spermatozoa from the 
testis. About one-fourth of this time is spent in the 
spermatogonial stage of cell multiplication,^ a Iit|lc 
tnore than one-third in the long preparation f 9 r, 
and the rapid completion of the maturation divi- 
sions, and about one-third in spermlogeneria* 



Fig. 2. Seminiferous tubules in cross section, (o)'ftat. 
(b) Human. In the rat, one particular, definite ossocto- 
tion of 4 stages of germ cells Is photographed; In the 
human a multitude of stages is present. 

In nearly all mammals, spermatogenesis occurs 
in rigid patterns which arc essentially .similar. 
J.afge groups of cells filling sections of tubules up 
to several centimeters in length develop synchro- 
nously. Generations follow each other at definite 
intervals so that in any section of a tubule, char- 
acteristic associations of cells are present (Fig. 
2(7 ). In addition, along the tuhule, groups of cells 
which are in synchronous development border on 
other groups in immediately preceding or follow- 
ing stages. This constitutes the so-called spermato- 
genic wave. In man and probably in some apes, 
the spermatogenic wave is gbsent or indistinct. In 
these species, groups of cells developing synchro- 
nously are very small and each cross section of a 
tubule reveals a multitude of stages of germ cdUs 
coexisting in random array (Fig. 2b). 

In lower vertebrates, many patterns and arrange- 
ments of spermatogenesis are found, sometime^ in 
gonadal sacs which open directly into the al^om- 
inal cavity from where they are released thmui^ 
abdominal pores (cyclostomes), somddmes ini 
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tllblilefe or compartments which have only tempo- 
tify connections with outleading ducts (sela- 
chians). In all lower vertebrates a multitude of 
spermatozoa develop in the presence of definite 
nOrsing cells. In most cases, large groups of cells, 
often whole compartments (in insects and amphib- 
ians) develop synchronously. See Meiosis; Sper- 
matogenesis. r t.c.R.R.] 

Phyaioiogy. The testes are concerned with the 
production of the male gamete (sperm) as well as 
the male sex hormone, considered to be produced 
by the interstitial cells of Leydig which are present 
in the interstices between the seminiferous tubules. 

Castration. Castration of prepuberal males pre- 
vents the functional development of the acces- 
sory genitalia and secondary sex characters, and 
delays the cessation of growth of the long bones. 
When the testes are removed after puberty, the 
libido is diminished or lost, the accessory glands 
involute, and certain disturbances in metabolism 
appear. The effects of castration vary with the spe- 
cies. but may be repaired by the administration of 
testosterone. 

Cryptorchism, Bilateral cryptorchism, the failure 
of both testes to descend, invariably leads to steril- 
ity. The abnormally warm environment of the 
ectopic position causes destruction of the tubular 
epithelium. Leydig cell structure and androgen 
secretion may show no impairment over long pe- 
riods of time Unilateral ectopy does not lead to 
sterility or androgen deficiency as long as the other 
testis is in a scrotal position. 

Hrpophysectamy Hypophysectomy of the post- 
puberal male stops the proliferation of sperms and 
reduces the secretion c»f testosterone to a minimum. 
The organism is sterile and the accessory genitalia 
involute to a nonfunctional state The atrophic 
testes may be lestored by the injection of pituitary 
gonadotrophins or, in certain species, by the ad- 


ministration of androgens. Follicle^stimulating hor. 
mone (FSH) acts to repair the ttdbules and pro! 
mote the proliferation of sperms, but it is most 
effective in the presence of testosterone. Luieioi^. 
ing hormone (LH) activates the Leydig cells and 
thus increases the output of testicular androgen 
The effectiveness of LH is augmented if FSH is 
administered simultaneously. 

Testosterone is the main androgen secreted by 
the testis. It has been isolated directly from testic- 
ular tissue and detected in spermatic vein blood 
Androsterone is a urinary metabolite. The follow 
ing scheme shows probable pathways in the biosyn- 
thesis of testicular and adrenal androgens. See 
Androgen, 

Because androsterone has a keto group at posi 
tion 17 of the steroid nucleus, it may be termed a 
17-ketosteroid. In alkaline solution the 17-ketoster- 
oids give a characteristic green color with m-dini 
trobenzene; this reaction is commonly employed m 
the determination of these compounds in blood and 
urine. During pubescence there is increased excre- 
tion of steroids of this type, and diminished extre 
tion is noted after castration or testicular failure 
The level of 17-keto&teroid excretion is an index 
not only of testicular function but of adrenocortu al 
function as well. In many cases of adrenal hyper 
plasia. androgen production is increased and there 
are high titers of 17-ketosteroids in urine and 
blood. 

The androgens are responsible for the distin 
gui^^hing features of the male One of the more 
obvious male attributes is the rapid development 
of the musculature after puberty This associated 
with a positive nitrogen balanc e and protein anabn 
lism Testosterone is sometimes used cljnicall> for 
treating patients with poorly developed musdes 
The hc/mone also increases the quantity of bone 
matrix and causes calcium retention Because of 
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Testosterone A-Androstene-3,17-dione Dehydroepiandrosterone 



A^-Androsten-11 (j9)-ol-3,17-dione Adrenosterone 

(A^-Andro8tene-3,l 1,17-trione) 



thrir ability to increase tbe size and strength of 
bonest androgens are sometimes employed to treat 
osteoporosis and to promote the healing of frac- 
tures. 

fiormd puberal developmeru. In boys, normal 
puberal development involves pituitary gonado- 
trophins as well as testosterone. During the first 
10 years of life there is typically little evidence for 
the presence of testicular hormone. Leydig cells, 
which are present in the prenatal testis and then 
disappear shortly after birth, reappear at 11-13 
years. Small amounts of IT-ketosteroids are pres- 
ent in the urine during childhood, but they may 
originate from the adrenals instead of the testes. 
The formation of spermatozoa is usually not well 
established until the age of 15. With the increasing 
titers of testicular hormone occurring during pu- 
bescence the genital system undergoes rapid 
growth, and secondary sex characters, such as body 
hair, beard, and deeper voice, begin to appear. 
Psychic changes are due in part to androgens. 
While testicular androgen increases from ages 
11-19, it is also probable that the target tissues 
undergo rapid maturation during this period and 
become increasingly sensitive to androgen. Because 
)oung infants are capable of penile erection and 
because intercourse with orgasm may precede by 
some time the first appearance of spermatozoa, it 
IS apparent that multiple factors operate in the 
attainment of sexual maturity. See Rffroduc tive 
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Tetanus 

An infectious disease, also known as lockjaw, 
which is caused by the toxin of Clostridium tetani 
C tetani may be isolated from fertile soil and the 
intestinal tract or fecal material of man and other 
animals. Infection commonly follows dirt contami- 
nation of deep wounds or other injured tissues. 
See Toxin, bacterial. 

The causal organism is a strictly anaerobic, 
slender bacillus with a spherical terminal spore 
swelling the vegetative cell. Identification of the 
organism should not, however, rest on microscopic 
evidence but should be confirmed by neutralization 



latanus bocilli showing terminal spores (drumsticks). 
Agar culture stained with fuchsin. 
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t«tenu8 anUtoxin of die loxita pan- 
by the pme culture. This species i^oduoas 
two toxic si^mces. u hemolysin known as teUno> 
ysin and the potent lethal toxin known a$ tetano* 
spasmin which has a strong affinity for the cells of 
the central nervous system. The neui^oxin has 
been isolated in crystalline form. This organism 
oes not ferment carbohydrates but depends on the 
fermentation of amino acids for energy. See 
Toxin-antitoxin reaction. 

The incubation period of tetanus is usually be- 
tween 5 and 10 days and the disease is character- 
ized by convulsive tonic contraction of voluntary 
muscles. Prevention of tetanus rests on the proper, 
prompt surgical care of contaminated wounds and 
prophylactic use of antitoxin if the individual has 
not been protected by active immunization with 
toxoid. [L.S.M.] 

Tetrabranchia 

A subclass of the Cephalopoda, containing the 
Nautiloidea and the Ammonoidea. The most nu- 
merous group of the cephalopods in the Paleozoic 
and Mesozoic periods, it is considered to be the 
most primitive group of cephalopods, originating 
probably as a separate line in the Piecambrian. 
The shells of Plectronoreras occur in Cambrian 
ro( ks over 400,000,000 years old. 

The name Tetrabranchia was proposed by 
R. Owen because four gills are found in Nautilus^ 
the only representative whose anatomy is known. 
Since no records of the soft parts are preserved in 
fossil specimens, it is not known if this feature is 
shared by all of the many genera assigned to the 
subclass. Many workers prefer a different efassi- 
fication not based upon such h questionable charac- 
ter. .See Ammonoidea; Nauuloidea. f6.L.v.] 

Tetractinomorpha 

A subcla<i^ of the class Demospongiae in the phylum 
Poriferd. According to recent revisions, this sub- 
class would contain the orders Homosclcrophorida, 
Choristida, and Clavaxincllida. These groups are 
diverse and constitute a heterogeneous assemblage 
in contrast to the other subclass, the Ceractinomor- 
pha See Demospongiae. [c.b.c.] 

Tetracycline 

A broad-spectrum antibiotic. It is one of a group of 
antibiotics known as tetracyclines which arc closely 
related chemically and very similar in biological 
action. Other well known members of the group 
are chlortctracycline (aurcomycin) and oxy tetra- 
cycline (tcnramycin). Tetracycline is produced 
biosynthetically by fermentation with a strain of 
Streptomyces aureofaciens (or certain other spe- 
cies) or chemically by hydrogenolysis of cblortetA- 
cyclinc. Although tetracycline is not effective 
against the small viruses or the fungi, it is par- 
ticularly useful because of broad antimicrobial 
action, with low toxicity, in the therapy of infec- 
tions caused by gram-positive and gram^negatlae 
bacteria as well as rickettsiae and tbe large viruses 
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tik« piitlacoaia-lympkograntiloma viniseB. In 19S8 
imracycline had domeatic sales for medicinal use 
ot over 1100,000,000 compared to $20,000,000 for 
osytetracycline and chlortetrecycline combined. 
It is also used as an ingredient in animal feeds to 
enhance growth rates, particularly in chickens and 
swine. See Actinomycetales; Chlortetracy- 
CLINE ; Lymphooranuloma-psittacosis croup ; 

OXYTETRACYCLINE ; RlCKETTSIALES ; StREPTOMY- 

cetaceae; Virus. 

Ctiemical formuln. Chemically, tetracycline is 
closely related to other members of the group. The 
chemical structural relationships are shown below: 
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Tetracycline is soluble in glycol ethers, pyridine, 
dilute acid and alkali; it is slightly soluble in 
water and the lower-molecular-weight alcohols. Its 
stability in solution is greater than that of chlor- 
tetracycline and is comparable to that of oxytetra- 
cycline. The 6-demethyl tetracyclines are much 
more stable. 

Antimicrobial activity. The antimicrobial ac- 
tivity of tetracycline is similar to that of the other 
tetracyclines. Usually it is bacteriostatic, but at 
high concentrations, that is, 32-64 times bac- 
teriostatic, it may be bactericidal. 

Most strains of pneumococci, jS-hemolytic strep- 
tococci A, B, or C, Streptococcus viridans^ Neis- 
seria gonorrhaeae^ Haemophilus influenzae, and 
Klebsiella pneumoniae ; some strains of Salmonella 
typhosa. Brucella bronchiseptica, and Micrococcus 
pyogenes var. aureus (staphylococcus) are sensi- 
tive at 1 /Ag/ml or less. Other strains of these 
same species are more resistant, some to concentra- 
tions of tetracycline of over 100 fig/ml. Generally 
more resistant are strains of enterococci. Pseudo- 
monas aeruginosa, Aerobacter aerogenes, Proteus 
spp., Escherichia coli. Shigella spp., which require 
usually 1-10 pg/ml or more to inhibit, although 
some strains are not inhibited at 100 /ig/ml. 

The resistance of bacterial cultures to tetracy- 
cline may be increased several hundred fold by 
transferring them serially to media with increasing 
sttbinhibitory concentrations of the drug. This 
causes similar increases in resistance to chlortetra- 
cycline, oxytetracycline, and chloramphenicol 


(cross resistance), but not to peniciDin or strepto. 
mycin. See Chemotherapy; Chloikamphenicoi* 
Drug resistance ; Penicilun ; STR£#roMYaN. 

Pharmacology. The acute toxicity of tetra- 
cycline, like that of the other tetracyclines, is rela- 
tively low. For mice the LD 50 is 150-180 mg/kg 
for intravenous administration and over 3000 mg/kg 
for oral administration. In human therapy there 
are few serious toxic side reactions to tetracy- 
cline; only occasionally is an allergic reaction, nau- 
sea and vomiting, or diarrhea encountered. Some 
unfavorable reactions have been attributed to yeast 
infections following the elimination of bacterial 
competition; dosage forms are available which 
include an antifungal antibiotic to combat this 
condition. See Hypersensitivity; Lethal dose 50; 
Mycology, medical. 

Absorption, Absorption of tetracycline follows 
oral administration and this route is usually used 
for therapy; intravenous and intramuscular ad- 
ministration is also satisfactory. Patients receiving 
doses of 0.25-0.5 g By mouth at 6 -hour intervals 
have a serum or plasma concentration of 0 . 5-1 
fLg/ml in a few hours, rising to 4 /ig/ml in .V 4 
days where it remains constant until dosage is 
reduced. See Blood. 

Distribution, The drug readily diffuses to the 
cerebrospinal fluid, pleural and ascitic fluids, bile, 
saliva, and even across the placenta. 

Excretion, About 20-25% of the dose admin- 
istered orally is excreted in the urine. Small 
amounts appear in the milk and in prostatic fluid. 
Over half of the administered dose is contained in 
the feces, some of it from bile excretion. 

Therapeutic effect, A desirable therapeutic effect 
is obtained from doses of 1-2 g per day in pneumo- 
coccal pneumonia and in infections due to the 
followiitf^ bacteria: hemolytic streptococci, gono- 
cocci, meningococci, and staphylococci including 
those staphylococci resistant to penicillin but not 
those resistant to other tetracyclines (because of 
cross resistance) . 

The drug is also widely used in gram-negative 
bacterial infections such as Shigella dysentery, 
typhoid fever, Salmonella infections, Haemophilus 
meningitis, brucellosis, and urinary infections 
caused by sensitive gram-negative organisms. 

Because of its broad-spectrum characteristics, 
tetracycline (like chlortetracycline and oxytetra- 
cycline) is used for treatment of rickettsial and 
viral diseases, such as Rocky Mountain spotted 
fever, typhus fever, lymphogranuloma venereum, 
and trachoma. It is without direct value in the 
treatment of diseases caused by the smaller viruses. 
See Animal virus; Bacillary dysentery; Bru- 
cellosis; Gonorrhea; Meningitis; Pneumococ- 
cus; Rickettsioses; Salmonella; Staphylococ- 
cus; Streptococcus; Typhoid fever. 

Comimrcial productioil. Commercial produc- 
tion of tetracycline is accomplished by chemical 
synthesis, by hydrogenolysis of chlortetracycline, 
and also by fermentation with certain cultures of 
Streptomyces spp. The cultures used are strains of 



Streptomyces weofmens and the closely related 
gpecies Sm vindifaciens and S. /ao/ocicna ; some 
commercially used cultures are ultraviolet mutants. 
See Bacterial genetics. 

Fermentation methods which reduce the amount 
of cblortetracycline must be used since all tetra- 
cycline*producing strains produce some chlor* 
tetracycline. A combination of organic medium 
ingredients (usually low in chloride) and a se- 
lected strain of organism giving low chlortetracy- 
cline appear to give the best results. Other methods 
which have been advocated are chloride-free syn- 
thetic medium, chloride removal by chemical pre- 
cipitation or ion exchange, or the addition of 
chlorination inhibitors such as bromide, iodide, or 
thiocyanate. See Fermentation. 

Several stages of inoculum development are usu- 
ally used as is common for other fermentation 
processes. Starting with spores from slants or 
spores dried on sand or in lyophil vials, one or more 
shake-flask stages may be used and then one or two 
inoculum tank stages. The final fermentation is 
conducted in tanks of 5000-15,000 gal. Since the 
organism is strongly aerobic, the medium is me- 
chanically agitated and sterile compressed air is 
blown through at a high rate. Suitable media may 
contain cottonseed flour, soybean meal or corn- 
steep liquor, a carbohydrate such as sucrose, and 
usually calcium carbonate to control pH during 
the early part of the fermentation period. 

Optimum antibiotic titers may be found in 72 
hours and yields in excess of 2-4 g/liter have been 
leported. Recovery is accomplished by solvent 
extraction from the broth followed by purification 
including, finally, crystallization. Waste residues 
may be dried and used as supplements for animal 
feed formulations. See Antibiotic; Industrial 
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Tetraethyllead 

An organometallic compound that has found wid»' 
commercial application as an additive for motor 
fuels. Small quantities of tetraethyllead iqarkedly 
reduce the knocking tendencies of gasoline and 
thus permit use of higher engine compression 
ratios. In recent years tctramethyllead has proved 
equally effective in reducing engine knock. 

The combustion of gasoline containing tetra- 
ethyllead produces deposits of lead and lead oxide 
along the cylinder walls. Hence, ethylene dibro- 
mide and ethylene dichloride are also added «as 
part of the antiknock fluid to remove the lead as 
lead halide in the exhaust gases. 
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t^ethyllead involvcB the reaction trf ethyl cUo- 
ride and a lead-sodium alloy at moderate tampera- 
tu^ fdloarod by steam distillation of the product 
md ^very of the unused lead. Since tetraethyl- 
lead is poisonous and unstable, it must be hanifled 
with special care. See Antiknock agents; Caro- 
line; Internal combustion engine; Octane 
NUMBER; Organometallic compound. [m.d.r.] 

Tetrahedrite 

A mineral with composition (Cu.Fe,Zn,Ag)i 2 Sb 4 Sis 
(essentially copper, iron, zinc, and silver, antimony, 
and arsenic sulfide), crystallizing in the isometric 
system. Crystals are commonly in tetrahedrons, 
but the tristetrahedron, dodecahedron, and cube 
may be present. It is massive or granular. Its 
hardness is 3^^4 and the specific gravity varies 
from 4.6 to 5.1, depending on the composition. The 
luster is metallic and the color grayish-black; 
thus, in some mining localities, this mineral is 
called gray copper. 

Although analyses of tetrahedrite show varying 
amounts of copper, iron, zinc, and silver, copper 
always predominates. The variety rich in silver is 
called freibergite. Arsenic substitutes for antimony 
in all proportions, and a complete series extends to 
the mineral tennantite, (Cu,Fe,Zn,Ag)i 2 As|Sts. 

Tetrahedrite is a widely distributed mineral, 
usually found in silver and copper veins formed 
at low to moderate temperatures; more rarely it is 
found in higher-temperature veins and in contact 
metamorphic deposits. It may be associated with 
various other copper, lead, and silver minerals, as 
well as pyrite and sphalerite. In some places it 
has sufficient silver to be a valuable ore, as at Frei- 
berg, Germany, and silver mines of Peru, Bolivia, 
and Mexico. Il is found in silver and copper mines 
in the western United States. See Antimony; 
Arsenic; Copper; Silver. tc.s.HU.J 

Tetrahedron 

A solid bounded by four planes, or faces. It has 
four vertices (not coplanar), and six edges, the six 
line segments that join each pair of vertices. As 
the 3-dimcnsional analog of a triangle, many of its 
properties arc extensions of those of a triangle. 
Thus, as in the case of a triangle, the medians of a 
tetrahedron (that is, the lines joining the vertices 
with the centers of gravity of the opposite faces) 
are concurrent. On the other hand, the altitudes of 
a tetrahedron arc not always concurrent. Althou^ 
two triangles arc congruent whenever the sides of 
one are equal, respectively, -to those of the other, 
this is not true for tetrahedrons. There are as many 
as 30 tetrahedrons with the same six edges, and no 
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dro <d then ere congruent, thnt is, superposable by 
either « right notion or a reSeotion in a plane. See 
Optical actitity; Polyhedrom. [l.m.bl.] 

Tstraodontifonnes 

An order of specialized teleoat fiahea including the 
triggerfiahea (Plectognathi)^ puffers, trunkfiahea, 
and dieir allies. It is a group of diverse structure 
that is derived from typical apiny-rayed fishes 
(Perciformes). The posttemporal bone, if present, 
is simple and fused with the skull ; the hyomandi- 
bular and palatine are firmly attached to the skull. 
The body is variably armored with bony plates or 
spines, encased in bone, prickly, or naked. Fin 
spines and some fins are variably well developed or 
wanting. Some species can inflate the body. 

Current classifications recognize about 9 families, 
nearly 60 genera, and perhaps 200 species. These 
are largely shore fishes of tropical or subtropical 



Triggerfish, Balittes caroiinensis. (After G. fi. Goode, 
Great International Fisheries Exhibition, London, 1883, 
US. Natl. Museum Bull. 27, 1884) 

seas, but a few are pelagic, enter temperate waters, 
or ascend tropical rivers. Many inhabit coral reefs. 
Some are edible, but many develop alkaloids in 
the flesh that cause ciguatera, a frequently fatal 
food poisoning. See Actinopterygii. |r.m.b.] 

Tetraphidales 

An order of mosses which is composed of the 
family Georgiaceae, the two genera Tetraphis 
(GeMTgia) and Tetrodontium, and approximately 
five species, according to V. F. Brotherus and Josef 
Podpera. 

Although this order is unique in the scalelike 
protonema, which produces frondlike growths, the 
moat conspicuous structure distinguishing it from 
other mosses is the peristome of four rigid, non- 
segmented teeth. This is regarded as a primitive 
condition and as the result of the splitting of the 
entire cell mass within the operculum. The plants 
fruit freely, the capsules and peristome are per- 
sistent, and the four teeth are easily recognized in 
the field. The plants occur on humus, moist de- 
caying wood, and sandstone. The erect plants vary 
from minute to 3 cm high, grow in clusters or tufts, 
and bear terminal, erect sporophytes. The peri- 
stome is open when dry and closed when wet. In 
Tetraphis pelludda^ the sterile plants are quickly 



Tetraphis pellucida. (a) Gemmiferous branch; (b) in. 
volucre containing gemmae (from W. H. Welch, Mosses 
of Indiana, Ind. Dept. Conserv., 1957). (c) Sporophyte; 
(d) capsule with peristome (from H. S. Conard, How to 
Know the Mosses, Jaques, 1944). (e) Peristome en- 
larged (from W. H. Welch, Mosses of Indiana, Ind. 
Dept. Conserv., 1957), \ 

recognized by the leafy gemma cups at the ends of 
many of the stems of the leafy plants. This species 
is a plant indicator of an acid substratum, [w.h.w.] 

Tetraphyllidea 

An order of tapeworms of the subclass Cestoda 
(phylum Platyhelminthes). All species are intes- 
tinal parasites of elasmobranch fishes and are small 



(a) Acanthobothrium sp., scolex. (b) Rhinebothrium sp., 
scolex. 

in size, usually less than 5 centimeters in length. 
An outstanding feature of the order is the variation 
in the structure of the holdfast organ or scolex 
(sec illustration). All species are segmented and 
segments are usually shed from the body while 
sexually immature; these develop to sexual matu- 
rity as independent units in the host^s intestine. 
Segment anatomy is very similar to that of Proteo- 
cephaloides. A complete life cycle is not known, 
but larval forms have been found in a variety of 
invertebrates and bony fishes. See Cestoda; see 
also Proteocephaloidea. [c.p.r.1 

Tetrapoda 

A superclass of the subphylum Vertebrata that 
typically possesses limbs rather than fins in con- 
trast to the other superclass of that subphylom, 
the Pisces. 


The animals comprising the Tetrapoda typically 
live part or all of their lives on land, whereas the 
joembars of the Pisces, the fishes, are aquatic ani* 
mals. The classes of the Tetrapods are Amphibia 
(frogs and toads, salamanders, caccilians). Rep. 
tilia (snakes and lizards, turtles, crocodiles and 
their kin), Aves (birds), and Mammalia (mam- 
mals). The word Tetrapoda comes from Greek 
words meaning “four feet,” but there are tetrapods 
(some amphibians and reptiles) that have only 
two limbs or none at all. These forms have, how- 
ever, evolved from four-footed ancestors. 

The division of the vertebrates into the super- 
classes Tetrapoda and Pisces is in some respects 
merely a classification of convenience, and the use 
of characters other than limbs and fins can result 
in a different separation. For example, the eggs of 
reptiles and birds possess an embryonic membrane 
called the amnion that permits development of the 
embryo in relatively dry situations. The same mem- 
brane also surrounds a developing mammal and 
these animals may be classified as the Amniota. 
Amphibians and other lower vertebrates lack the 
amnion ; their eggs survive only in water or under 
very moist conditions. These animals are consid- 
ered to comprise the Anamnia. See Amniota; Am- 
phibia; Anamnia; Aves; Mammalia; Rfptilia. 

[r.l.z.1 

Tetrasporales 

This order of the Chlorophyta is a heterogeneous 
and artificial assemblage of fresh-water and marine 
dlgae. These plants are colonial; the cells are em- 
hedded but not adjoined in a copious mucilaginous 
sheath of definite or indefinite shape. Many plants 



Some members of 
the Tetrasporales. 
(a) Tefraspora, hab- 
it of a gelatinous 
thallus; arrange- 
ment of cells with 
pseudocilia, (c) Ela- 
kafothrix, a simple 
colony. (cD Ch/o- 
rangium, an at- 
tached, dendroid 
colony. 


resemble the Volvocales in having a parietal, cup- 
shaped chloroplast. a basal pyrenoid, stationary 
vegetative cells that become flagellated ant^^ motile, 
false swimming organs (pseudocilia), and red eye- 
spot in vegetative and reproductive cells. 

The cells of Tetraspora are grouped in fours 
and enclosed in gelatinous tube-shaped or balloon- 
shaped colonies. SphaerocysHs occurs as spherical 
cells enclosed in a planktonic or tychoplanktonic, 
globular sheath. Asterococcus is similar but with 
a stellate chloroplast. One family, Coccomyxaceac, 
is composed of elongate cells of various shapes 
which reproduce only by vegetative means. The 
Chloraugiaceae is a primitive family of attached 
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cdls with many vohrecoid featurea. Seme of tfaUMe 
arc more or less spedficaUy eptaok as CAlor- 
angium. Many genera use zoospores in asexual 
reproduction, and a few are knovm to have isoga* 
mous sexual reproduction. See Chlohophyta; see 
wo Volvocales. [c.w.p.] 

Tetrode, vacuum 

A tetrode, as its name implies, is a four-electrode 
tube. The four electrodes, in the order of their 
arrangement, are the cathode, the control grid, the 
screen grid, and the plate. There arc two types of 
tetrodes, the screen-grid tube and the beam-power 
tube. Although each of these tubes has the same 
number and arrangement of electrodes, the current- 
voltage characteristics are quite different. This 
article discusses only the screen-grid tube ; see also 
Beam-power tube. 

^ The screen-grid tube was developed early in the 
history of radio, when it was found that triode 
amplifiers had a tendency to oscillate because of 
the capacity-feedback coupling from the plate to 
the grid through the interelectrode capacitance 
between these two eIectrode.s. The screen grid Is 
operated at a positive dc voltage but is gr^junded 
for ac voltages through a large capacitor. With 
this arrangement it is possible to make tubes that 
amplify radio-frequency signals without tending to 
oscillate and without the necessity for neutraliza- 
tion previously required with triode radio-fre- 
quency amplifiers. 

These results are achieved because of the shield- 
ing effect between the control grid and the plate 
introduced by the screen grid. In the ordinary 
triode the grid-plate capacity is of the order of 
microfarads ; in a screen-grid tube it is of the order 
of tenths or hundredths of microfarads. The screen 
grid acts as an electrostatic shield between the 
control grid and the plate. Unfortunately, the cur- 
rent-voltage characteristics of a screen-grid tube 
are not as uniform as is desired, because bf second- 
ary electrons. This led to insertion of another grid 
for suppression of secondary electrons and thus to 
the development of the pentode. 

The illustration shows families of curves of plate 
current and snace current as a function of plate 



Ptot«-€urronH>l«dotvoltcioo ehoraetorltties oV o scrzzn- 
grid tube. 



{ttv I fixed large positive screen voltage. 
Tte hashed curve shows the form of the plate cur* 
eenit ihal would be expected in the absence of 
aoeoudary emission. However, when the plate is less 
positive iftian the screen grid, it will lose secondary 
eleotfoils to the screen and thus reduce the plate 
current When, on the other hand, the plate voltage 
is greater than the screen-grid voltage, the screen 
grid will lose secondary electrons to the plate, thus 
increasing the plate current. Secondary electrons 
are generated at all times at both the screen grid 
and the plate. However, they can only go to the 
other electrode when the other is more positive. 

Over this part of the plate-current characteristics 
the slope is negative. This corresponds to a nega- 
tive resistance, and circuits containing screen-grid 
tubes may oscillate in this region. Because of this 
and because of the large distortion in the char- 
acteristics, these tubes are seldom used. For fur- 
ther discussion, see Vacuum tube. [ k.r.s ] 

Teuthoidea 

An order of the molluscan subclass Coleoidea. Rep- 
resentative of the order are the squid Loligo and 
the fossil Plesioteuthis The rostrum is not devel- 
oped, the proostracum is represented by the elon- 
gated pen or gladius, and ten arms are present. 
Loligo is a pelagic species, frequently swimming in 
schools, while Opisthoteuthis is sedentary. Teu- 
thoids range from the Jurassic to the Recent See 
Coleoidea; Dec apod a (Mollusc a) [c-b.c.] 

Texas Towers 

Radar platforms placed on the continental shelf 
off the east coast of the United States, where they 
form a part of the Continental Air Defense System. 
The towers are so named because the prototype was 
first developed and used off the Gulf Coast of Texas 



Schamufic chruwifig of Toxat Tower equipped for oceo* 
nogropWc reteoreh. 


for offshore oil-drilling operatioiis. Hie trian^ 
shaped platforms measure appioibnately Igg i! 
on each side and are raised 65 ft ifibove the ocean 
surface. They are supported by tih^ee legs which 
penetrate the ocean floor. 

Three such towers have been erected, known as 
TT-2, TT-3 and TT-4. Texas Tower No. 2, installed 
in 1955, is located on Georges Shoal, approximatdy 
100 miles east of Cape Cod, Mass., in water depth 
of 56 ft. Texas Tower No. 3, installed in 1956, ig 
located on Fishing Rip Shoal, approximately 25 
miles southeast of Nantucket, Mass., in about 85 ft 
of water. Texas Tower No. 4, which was installed 
in 1957 on Noname Shoal, about 75 miles southeast 
of New York City, in 185 ft of water, was de- 
stroyed by heavy seas in January, 1%1. 

In addition to their basic military function, the 
towers have been equipped with facilities for geo- 
physical research. Texas Towers may be used to 
conduct oceanographic, seismic, and acoustic re 
search. As part of ^heir scientific facilities, three 
parallel steel guide cables extend from the labora- 
tory to the ocean bottom (see illustration). The 
cables serve as tracks for lowering and raising 
scientific equipment. [j.j.sr] 

Textile 

A material made of natural or man-made fibers and 
used for the manufacture of such items as clothing 
household furniture, and automobile fittings The 
raw materials are fibers made of materials such 
cotton, wool, nylon, acrylic resin, glass, or even 
metal. Films and sheets made of plastic and leather 
are not ordinarily considered to be textiles See 
Fiber, man-made; Fiber, natural; Leather and 

FUR PROCFSSINC; Pi ASTICS FABRICATION. 

A woven fabric is constructed by interlacing or 
weavMfg sets of yarns that run lengthwise and cross- 
wise. An examination of these yarns reveals the 
fibrous substance from which the yarn is made 
Such yarns comprise a multitude of fibers or fila- 
ments that have been separated, made parallel, 
overlapped, and twisted together. 

There is a logical development of raw material 
into consumers* goods. The products at various 
stages in the manufacture of fabrics from raw ma- 
terial to finished goods are as follows: (1) fiber 
is spun or twisted into yarn or directly felted into 
fabric; (2) yarn, is woven or knitted or braided 
into fabric; and (3) fabric, by various finishing 
processes, is made into finished consumers* goods 

Spinning. The formation of yarn becomes pos- 
sible when fibers have surfaces capable of cohesion, 
exemplified by the serrations of the wool fiber, the 
convolutions of the cotton fiber, and the roughness 
of the flax fiber. Elasticity or flexibility permits the 
fibers to be twisted around one another. 

The value and character of a yarn are determined 
by (1) kind and quality of fiber; (2) amount of 
processing necessary to produce fineness; nn^ 
(3) amount of twist, which increases tensile 
strength in the finished yam. The purpose of 
yam must be anticipated, because this detennioBs 
the number and kind of manufacturing operations* 
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ig 2 Cotton lop from picker room where dust, 
»aves, twigs, and other foreign matter have been 
emoved (Peppere// Mfg.) 



Fig. 3. Inside of carding machine, where brushes 
clean and straighten fiber (Peppere// Mfg.) 

Important manufacturing operations in {he pro- 
duction of a cotton yarn are (1) carding of lap to 
make card sliver; (fi) combing of card sliver to 
make comb sliver (if the fiber is to be combed) ; 
(3) drawing-out of sliver to make roving; (4) 
twisting of roving to make yam; and (5) winding 
of yam on bobbins, spools, or cones. 

Carding. In the lap stage, the fibers are still 
tangled condition and contain waste material. Be- 
fore this Ifaw stock can be made into yam, 
impurities must be removed* and the fibers must be 
atraightened (Fig. 1). 'Such straightening or 
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ig O AfTvr corning, iiiv aiiTvi* uiv iv 

r«a$a th. denirty of th« future cotton yarn (Pop- 
>oref( Mfg ) 



Fiq 6 Combod •llv.r. wfiwmw — 
doniity and compoctnoii. (Popporoif Mfg.) 

smoothing is necessary for all natural fibers; other- 
wise, It would be impossible to produce fine yams 
from the original tangled mass (Fig. 2). This 
initial process of arranging the fibers in a parallel 
fashion is knotm as carding. The work la done on a 
carding machine, on which the lap ia anraUed and 
drawn on a revolving cylinder cevered with very 
fine hooks or wire bruahes. A moving bdt, ahio 
covered with wire bmshea, is on top'ef tibia e)4ln< 
der. The cylinder pulls the fifaera in one dfareciinti, 
disentangles them, and arranges tiiem in iNkii|U 
in the form of a thin film (Fig. ®). TIda Un 4a 




Fig. 7. On spinning frame, roving passes from top 
through series of rollers that draw out cotton into 
threod. Thread Is twisted as it vfinds onto bobbin. 
(Peppere// A4fg.) 

drawn through a funnel-shaped device that molds 
it into a round ropelike mass called card sliver, 
about the thickness of a broomstick (Fig. 4). Card 
sliver produces carded yarns or carded cottons 
serviceable for inexpensive cotton fabrics. After 
carding, several slivers are combined. This results 
in a relatively narrow lap of compactly placed 
staple (carded and combed) fibers; the compact- 
ness of these fibers permits this cotton stock to be 
attenuated or drawn out to a sliver of smaller di- 
ameter without falling apart (Fig. 5). 

Combing. When the fiber is intended for fine 
yarns, the sliver is put through an additional 
straightening called combing. In this operation, 
fine-toothed combs continue straightening the fibers 
until they are arranged with such a high degree of 
parallelism that the short fibers are combed out 
and separated from the longer fibers (Fig. 6). 

The combing process forms a comb sliver made 
of the longest fibers, which, in turn, produce a 
smoother and more even yarn. This operation elimi- 
nates as much as 25% of the original card sliver; 
thus, almost one-fourth of the raw cotton becomes 
waste. The combined process, therefore, is identi- 
fied with consumers’ goods of better quality. Be- 
cause long-staple yarns produce stronger, smoother, 
and more serviceable fabrics, quality cotton goods 
carry labels indicating that they are made from 
combed yarns or combed cottons. 

Drawing out. The combining of several slivers 
for the drawing-out process eliminates irregulari- 
ties that would cause too much variation if the 
slivers were put through singly. The drawing frame 
has several pairs of rollers, each advanced set of 
which revolves at a progressively faster speed. This 
action pulls the staple fibers lengthwise over each 
other, thereby producing longer and thinner slivers. 
After several stages of drawing out, the condensed 
sliver is taken to the slubber, where rollers similar 
to those in the drawing frame draw out the cotton 
fu|ther. Here the stubbing is passed to the spindles, 
where it is given its first twist and is then wound on 
bobbins (Fig. 7). 


Roubig. Thfioo bobbins are placed on the rovin 
frame, where further drawing ot|t and twistin^ 
take place until the cotton stock is bbout the dian^ 
eter of a pencil lead. There are two stages of 
ing, intermediate and fine. The operations are 
identical, but each machine yields a finer product 
than the stock it received. Roving has no tensile 
strength; it will break apart easily with any slight 
puU. The roving, on bobbins, is placed in the spin- 
ning frame, where it passes through several rollers 
running at successively higher rates of speed until 
it is a drawn-out yarn of a desired size. 

Preparation for weaving. In the weaving opera, 
tion, the lengthwise yarns that form the basic struc- 
ture of the fabric are called the warp. The cross- 
wise yarns are the filling, also referred to as the 
weft or the woof. The filling yarns undergo little 
strain in the weaving process. In preparing them 
for weaving, it is necessary only to spin them to 
the desired size and give them the amount of twist 
required for the tyPjp of fabric for which they will 
be used. 

Yarns intended for the warp must pass through 
such operations as spooling, warping, and slashing 
to prepare them to withstand the strain of the 
weaving process. These operations do not improve 
the quality of the yarn. In spooling, the yarn is 



Fig. 8. Action of shuttle during weaving as seen by 
high-speed photography. Some harness frames have 
been raised and others lowered to form the shed or 
funnel of threads through which the shuttle has |ust 
passed toward the left, leaving a filling pick in its 
wake. The reed through which the threads ore seen to 
poss has begun its movement forward to the solid 
cloth on the right, beating up the pick that the sho^ 
tie has just delivered. The reed will pound this pick 
firmly against the cloth. It then swings back to th# 
left, and the harness frames In the upper left-hand 
corner change position to form a new shed of threodsi 
end this time the shuttle will be shot from the left lids 
of the reed to the shuttle box on the right-hond ddt/ 
leaving a new pick os it goes. (The Wool Buroau, 
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i^ound on larger spools or cones, which are placed 
on a rack called a creel. From this rack, the yarns 
ore wound on a warp beam, which is similar to a 
huge spool. This produces an uninterrupted letigth 
of hundreds of warp yams, aU lying parallel to one 
another. These yarns are unwound to be put 
through a starch bath in a process railed slashing 
or siring. The slasher machine covers every yam 
vrith a starch coating to prevent chafing or break- 
,ng during the weaving process. The yams are 
passed over a large copper drum, heated by steam 
to set the sizing, and then wound on a final warp 
beam ready for the loom. 

Amount of twist. The amount of twist per inch 
determines the appearance as well as the durability 
and serviceability of a fabric. Fine yarns require 
more twist than coarse yarns. Warp yarns are given 
more twist than are filling yarns. The amount of 
twist also depends on the type of fabric to be 
woven. 

Yarn count. In the spinning process, there is al- 
ways a fixed relation between the weight of the 
original quantity of fiber and the length of the yarn 
produced from that amount of raw material. This 
relation indicates the thickness of the yarn It is de- 
termined by the extent of the drawing-out process 
and is designated by numbers, called the yarn 
(ount. 

Thread count. The durability of a fabric depends 
on (1) the kind and quality of the fiber, (2) the 
tensile strength of the yarn, (3) the amount of 
twist in the yarn, (4) the use of ply yarns as com- 
pared with singles, and (5) compactness of con- 
struction. Compactness is one of the most signifi- 
cant factors affecting the durability of a fabric. It 
IS determined by the closeness of the yarns after 
the fabric is woven. A closely woven fabric has a 
larger quantity of yarns per inch than a loosely 
woven one and is therefore more serviceable. A 
garment made from such a fabric shrinks less in 
washing, slips less at the seams, and i more apt 
to keep its shape. 

A fabric of compact construction has a high 
thread count. Thread count, also known as cloth 
count, is determined by counting the number uf 
warp yarns and filling yarns in 1 in.^ of fabric 
These yarns are commonly referred to as ends and 
picks, terms that are synonymous with warp and 
filling, respectively. To ascertain the thread count, 
a pick glass, sometimes called a thread counter, is 
used; this is a magnifying glass mounted on a 
^rnall stand with a square opening in its base, 
through which filling yarns are counted. JThread 
counts range from as low as 20 threads to the inch, 
in tobacco cloth, to a high of 350 threads to the 
inch, found in typewriter-ribbon fabrics 

Thread count should not be confused with yarn 
count. Yarn count measures the degree of fineness 
in yams. Although these counts are separate de- 
vices of measurement, there is a direct relation- 
ship between them. If coarse sheeting with a low 
thread count is to be constructed, thick or coarse 
yarns will be used. These give the fabric greater 
resistance to hard wear. 



Fig. 9 Construction design for ploin weove resembles 
checkerboard; filling yarns pau under and over oher- 
note warp yarns as shown at right. When fabric is 
closely constructed in plain weave, there is no distinct 
pottern. (From M. D. Potter ond S. P, Corbmon, Fiber 
to fobnc, 3d ed , McGraw-Hill, 1959) 

Weaving. In weaving, four operations arc fun- 
damental. They arc performed in sequence and are 
constantly repeated. If these operations are care- 
fully noted, the more varied and advanced construc- 
tion of fabric will be readily understood. The five 
essential parts of the loom are harness or heddle 
frame, shuttle, reed, cloth beam, and warp beam 
(Fig. 8). These parts perform the following opera- 
tions: (1) shedding, raising warp yarns by means 
of the hainess or heddle frame; (2) picking, in- 
serting filling yarns by means of the shuttle; 
(3) battening, pushing filling yarns firmly in place 
by means of the reed: and (4) taking up and 
letting off. winding the finished fabric on the cloth 
beam and releasing more of the warp from the 
warp beam 

Shedding, On the modern loom, simple and in- 
tricate shedding operations are performed auto- 
matically by the heddle frame, a rectangular frame 
to which a scries of v^ires, called heddles, are at- 
tached. As the warp yarns come from the warp 
beam, they must pass through openings in the hed- 
dles Each opening may be compared to the eve of 
a needle The operation of drawing each warp 
yarn through its appropriate heddle is known as 
drawing in 



Fig. 10. Throe-shaft twill: two warp ydWis are fntor- 
looed with one filling yom to form dHogend. Itram 
M. D- Poffar and i F- Carbman, Flhar fa Fabric, Sd 
od./ MtGrawAfHI, 1959) 



nMTPe oonttmction, tli« heddle 
; «r Wers certain groups of altemato 
ao ^at the filling yarns alternate in 
Miriiig Ixnder one group of warp yams and over 
The faeddle frame is better known as the 
and that term is used hereafter in refer- 
ring to the number of harnesses used for the dif- 


ferent types of weaves. 

Picking. As the harnesses raise the heddles, 
which raise the warp yams, the filling yarn is in- 
serted through the shed by a small carrier device 
called a shuttle. The shuttle moves across the loom. 
One passage of the shuttle from one side of the 
loom to the other is known as a pick. 

Battening. All warp yarns pass through the hed- 
dle eyelets and through openings in another frame 
that resembles a comb and is called a reed. With 
each picking operation, the reed automatically 
pushes, or battens, each filling yarn against the 
portion of the fabric that has already been formed. 
This third essential weaving operation is therefore 
called battening. It gives the fabric a firm, com- 
pact construction. 

Taking up and letting off. With each shedding, 
picking, and battening operation, the newly con- 
structed fabric must be wound on the cloth beam. 


This process is known as taking up. At the same 
time, the warp yarns must be released from the 
warp beam ; this process is referred to as letting off. 

Classification of woavas. The manner in which 
groups of warp yarns are raised by the harnesses 
to permit the insertion of the filling yarn deter- 
mines the pattern of the weave and, in large meas- 
ure, the kind of fabric produced. Weave patterns 
can create varying degrees of durability in fabrics, 
adding to their usefulness and also to their ap- 
pearance. In a simple weave construction, consist- 
ing of the filling going under one warp and over 
the next, two harnesses are needed, one to lift the 
odd-numbered warp yarns, and a second to lift the 
even-numbered warp yarns. For advanced weaves, 
more than two harnesses are required, and as many 
as 40 for figured weaves. 

The three basic weaves in common use for the 
majority of fabrics are plain, twill, and satin, with 
respective variations. Important constructions are 
also obtained from more elaborate weaves, such as 



Rg. 11. Long fiooft typicol of sateen and Mfin 
weaves, (o) Five-shaft sateen construction with floats in 
fitting directloii. (b) Etghl-shaft sotin construction with 
fiogts In warp direction. (From M. 0. Potter ond fi. P. 
Corbman, Nbar to Fabric, 3d ad., McGrow-HiU, 1959) 


cloth, giaw, dobby, 

Plain weave. The plaSu woww la the aimnW 
type of construotion and is conseqpoently inexnen 
sive to produce (Fig. 9). On die Joom, the pW 
weave requires only two harnesses. Each fiUin* 
yam goes alternately under and over the warn 
yams across the width of the fabric. On its return 
the yam alternates the pattern of interlacing. If 
the yams are close together, the plain weave has a 
high thread count; the fabric is Aerefore firm and 
will wear well. 

Because the manufacture of the plain weave is 
relatively inexpensive, it is used extensively for 
cotton fabrics and for fabrics that are to be deco 
rated with printed designs, because the surface 
that it produces is receptive to a direct print. The 
appearance of the plain weave may be varied by 
differences in the closeness of the weave, by dif 
ferent thicknesses of yarn, or by the use of con 
trusting colors in the warp and filling. The last 
method gives the effect of a design. In addition, 
two variations of the plain weave afford simple 
decorative effects, namely, the basket weave and 
the ribbed, or corded, weave. 

Twill weave. A distinct design in the form of di 
agonals is characteristic of the second basic weave 
called the twill (Fig. 10). Changes in the direction 
of the diagonal lines produce variations, such as 
the herringbone, corkscrew, entwining, and fancy 
twills. Increased ornamentation may be obtained 
by varying the diagonal, but the chief values of the 
twill weave are its strength, firmness, and drapa 
bility. The yarns are usually closely^attened to 
make an especially durable fabric. Twill weaver- 
are therefore commonly used in men’s suit and 
coat fabrics and for work clothes, where strong 
textui^ is essential. 

Satin and sateen weaves. In basic construction 
the satin weave is similar to the twill weave. How 
ever, the diagonal of the satin weave is not visible 
because it is purposely interrupted. A continuous 
diagonal would interfere with the luster and 
smoothness desired in the satin weave. 

The satin weave employs a minimum of five 
harnesses because a smaller number would simply 
form a twill weave. The use of five harnesses pro 
duces a five-shaft construction; that is, the filling 
yarn passes over one warp yarn and under four 
warp yarns. The yarn advances more than one warp 
yarn on each pick, thus interrupting the diagonal 
When more harnesses are used, more filling yams 
are interlaced by the warp yarn. The number may 
run as high as 11, making what is termed a 12-shaft 
construction because one filling yarn interlaces 
every twelfth warp yam (Fig. 11 ) . 

No surface design is visible on satin fabric be- 
cause the yarns that are to be thrown to the surface 
are greater in number and finer in count than the 
yams that form the undersurface of the fabric. 

Because the interlacing yarn passes over mor« 
yams than it passes under, long yams, called floats, 
are exposed on the surface of the fabric. Since 
these floats lie compactly on the surface with 




..rtle iiiterrttpt»« fiwn the yum going at right 
'Ides to them, reflection of light on the floats 
^ ftatin Uhric its c\iaracteriet\c Wlet, v^hich 

^ the primary ohiect oi the satin iivea^e. 'When the 
floats are in the vratp, the satin vieave prodnces a 
warp-faced fabric, and the luster appears in the di. 
rcction of the warp. When the manner of inter- 
lacing is reversed so that the filling yarns arc 
thrown to the fabric, the yams will snag, roughen 
and show signs of wear. But the long float gives 
satin fabric its desired luster and smoothness. Lus- 
ter makes the fabric suitable for dressy wear, and 
smoothness makes it suitable for use as lining. 

.Satin-weave fabrics drape well because the weave 
js heavier than the twill weave, which, in turn, is 
heavier than the plain weave. More harnesses are 
employed in the satin weave, thus compressing a 
greater amount of fine yarn into a given space of 
cloth. Their drapability makes satin fabrics pref- 
erable for evening dresses. 

Finishing. Newly constructed fabric as it comes 
from the loom does not represent finished ronsum- 
evb goods. It must pass through various finishing 
processes that make it suitable for many different 
purposes. Finishing enhances the appearance of 
the fabric and also may add to its serviceability 
and durability, thus increasing its value. 

Finishing may take many forms, because it must 
be adapted to the kind of fiber and yarn used in 
the fabric and, most important of all, to its in- 
tended purpose. 

Even the factor of thread count, so important in 
the evaluation of a fabric, can be changed by the 
kind and amount of finishing. Cotton can be given 
the soft finish required for such fabrics a® batiste, 
nainsook, and lawn; the napped finish requiied for 
flannelette and duvetyn; the hard stiffened finish 
typical of cambric and linene; or the lustrous ef- 
fect of chintz. For discussions of important finishing 
operations, see Bleaching; Dyeing; Textile 
(hemistry; Textile printing. [md.p.1 

Bibliography: Z. Bendure and G. Pfeiffer. Amer- 
ira*s Fabrics, 1946; M. D. Potter and B. P. Corb- 
man. Fiber to Fabric, 3d ed., 1959. 

Textile chemistry 

The applied science of textile materials. Textile 
chemistry may be considered the practice of modi- 
fying textiles chemically for wider and better use 
in a constantly changing market. 

Commercially, textile chemistry is an integral 
part of fabric finishing. It may involve diverse and 
complex phases of chemistry. It may also be con- 
cerned with engineering and chemical processing. 
For instance, the chemistry of a fiber is understood 
mainly through the behavior of the fiber during 
chemical processing. 

In recent years, especially with the advent of 
synthetic fibers, many types of chemical assistants 
have been developed to enhance the more desirable 
properties of the finished fabrics. The d^elopment 
cf dye assistants* for example, resulted in bri^tear 
and longerdasting colors. These chemicals have 
played a promineiit role in^the development of the 
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miin J chemical speciaUiea are now 

tnr the textile industry. 

Of the many varieties of fibers, only a few are 
in large-scale use; cotton, wool, flax, hemp, rayon 
(viscose and acetate), and more recently, such 
^nthctic fibers as nylon, Orion, and the acrylics. 
These have achieved preeminence because they are 
abundant, cheap, and have desirable properties. 

The textile chemist is concerned with the fabric 


and its performance. Performance comprises the 
durability, strength, dyeability, and case of manu- 
fa<*ture of the fabric. For instance, a fabric roust 
meet certain standards of strength and resistance 
to abrasion, must resist creasing, nnd must wash or 
dry-clean without damage to color or shape. If it is 
to be an item of clothing, a fabric must be able to 
streti'h and leoover its shape. The property of elas- 
tic recovery is also important to prevent creasing. 
A fabric will be a good insulator if the fibers hold 
crimp and trap air; wool is the best example of 
this. The length strength, elasticity, and stiffness 
of a fiber, plus its surface character] cities, determine 
the ease with which the yarn can be processed, an 
important consideration In manufacturing qosts. 

Textile performance is governed by the nature 
of the fiber, which, in turn, is determined by the 
molecular structure. All fibers are made up of long- 
chain molecules known as polymers. The physical 
properties of fibers depend on the way these chains 
are oriented to each other and on the amount of 
molecular attraction among them. Polymeric fibers 
demonstrate crystalline behavior in x-ray photo- 
graphs. Crystallinity ib associated with molecular 
orientation and, therefore, with fiber strength. How- 
ever, highly oriented libers usually make stiff and 
unstietchable yarns and fabrics. Amorphous mate- 
rials (materials having a limited amount of crys- 
tallinity) are generally more pliable and stretcha- 
ble. but these have slow elastic recovery and less 
tensile strength, especially when damp. However, 
an amorphous material such as glass may be made 
into the strongest tensile fiber bv drawing out the 
amorphous structure, while the glass is hot, until 
it becomes highly oriented. The manufactnter now 
exercises some control over orientation, crystallin- 
ity, and other factors in the polyacrylic fibers, ny- 
lon, and viscose. See Fiber, man-made; Fiber, 


satural. 

The textile chemist has attempted to overcome* 
by chemical means the deficiencies of some natural 
fibers.. For example, cotton has poot resistance to 
mildew, fungi, creasing, and weather. Weather re- 
sistance has been improved by copper naphtbenale 
and other finishes. Most types of finish that cbm- 
ically modify cotton have proved to be of limited 
commercial value because of cost, although the re- 
sults are promising. Chemical processes have becoi 
devised to overcome the tendency of wool to shrhifc 
and felt (mat) in processing, but none has 
complete sucem. 
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TEXTILE AUXlUARIES 

MosI of the textile chemical specialties used to- 
day are substances known as auxiliaries. They in- 
crease the efficiency of boil-off, bleaching, dyeing, 
printing, and other processes. Auxiliaries also 
assist chemical finishing agents prepare the hand 
(feel), quality, and final appearance of the 
textile. By far the greatest number of auxiliaries 
is employed in the processing of natural fibers. 
Synthetic fibers also require auxiliaries, especially 
during processing. However, their action is mostly 
to minimize static, which is harmful in processing. 
Other auxiliaries give fibers the best frictional val- 
ues for spinning and weaving. See Dyeing. 

The first textile auxiliary used was alkylated 
naphthalene sulfonate (Nekal). Since then, auxilia- 
ries have been greatly multiplied in number; for 
example, there are now some 1000 brand-name 
detergents on the market. They are used for wet- 
ting, penetrating, dispersing, emulsifying, scouring, 
and other purposes. Synthetic detergents are one of 
the largest groups of auxiliaries. 

Synthetic detergents. Detergents are substances 
that lower the interfacial tension of aqueous solu- 
tions. They contain a polar hydrocarbon chain of 
variable length plus a solubilizing portion. The 
hydrocarbon acts chiefly as a hydrophobic group, 
whereas the solubilizer is hydrophilic. See Soap 
AND DETEBGENT. 

Surface-active agents. Surfactants, as surface- 
active agents are sometimes called, differ from one 
another in both the length of the polar groups and 
the molecular constituency of the solubilizing 
group, a variation that gives them a range of prop- 
erties. The aliphatic polar portion is usually un- 
branched, while the aromatic polar portion can be 
branched from the nucleus. Examples of solubiliz- 
ing or hydrophilic groups are hydroxyl (OH), 
carboxyl (COOH). bisiilfate (OSO 2 OH). and sul- 
fonic acid [S(— ^O^OH], as well as others con- 
taining the at tual group construction. 

Surfactants may be classified in two distinct 
groups, anion-active and cation-active, according to 
the action of the component that confers the wet- 
ting or emulsifying effect on the product. For ex- 
ample, the Sapamines, 

Cl tH nCONHCH2CH2N ( CHoCHO 2 

are cationic and are effective in both acid and 
neutral solutions. On the other hand, the fatty 
alcohol sulfates of the Gardinol type and Ingepon 
A, Ci7H>iC 00CH2CH20S020 Na\ are anionic 
where the fatty chain contains the anion. 

This ionic characteristic is necessary because 
surfactants may have to operate in aqueous media 
of different pH values, according to the textile op- 
eration. There are now in existence a number of 
surface-active agents which are nonionic and can 
be used at a wide range of pH. 

Scouring agents. Scouring is the process em- 
ployed to rid the textile of foreign matter which 
would restrict subsequent processing. Because im- 
purities are much more common in natural than 


in man-made fibers, scouring is important for these 
fibers. 

Cotton is scoured by means of alkalies to remove 
noncellulosic components adhering to the fibers 
Several hours of boiling are requited. Detergents 
of alkyl aryl sulfonate types are taking the place 
of alkalies and may be added during soaping-off 
and dye-leveling operations. 

Raw wool requires more attention to scouring 
than cotton because of the fatty nature of the sub- 
stances to be removed. In the past, removal of for- 
eign matter was accomplished by alkali soap solu- 
tion, and too frequently wool damage occurr^. The 
latest methods use synthetic detergents of the sub 
fated alcohol type, where there is little alkalj 
present. Further improvements in raw- wool scour- 
ing have been made by the use of nonionics of the 
alkylphenol-ethylene oxide type which have gained 
wide acceptance, especially because alkaline solu- 
tions are avoided. Because this detergent can be 
used in neutral liquof, scouring and dyeing can be 
carried out continuouMy. 

Silk scouring removes the silk gum (sericin) tn 
leave the silk fiber (fibroin) unaffected. Alkali, 
enzymes, and new detergents have been used As 
with wool, the fiber is damaged by solutions that 
are too alkaline. 

Sizing agents. Cotton and rayon are sized to 
protect the yarn against physical injury in the 
weaving operation. Cotton is immersed in starch 
solution, and rayon is treated with gelatin and 
dried. For some synthetic fibers, soluble polvmer 
“starches” such as polyvinyl alcohol are used Such 
sizes can be rapidly removed. Sizing i% sometimPb 
called slashing. 

Starch sizes are removed by treatment with dc 
sizing agents. The two main types are en/ymalic 
and chemical, such as non ionic detergents. For 
each type, there is an optimum pH. Gelatin size*^ 
are removed by the use of Gelatase at pH 6.0 9 0 

Bleaching agents. A major objective of bleaih- 
ing is to enable even application of dye, and opti 
mum whitening must be obtained with the least 
possible damage to the material. The solution pH 
values vary for different fibers. In some countries 
cotton is bleached in a batch process with hypo- 
chlorite solutions; in the United States a continu- 
ous process has been developed in which hydrogen 
peroxide is used. Cotton is sensitive to degradation 
by these agents. See Bleaching. 

Sulfur dioxide, sulfite solutions, or peroxide 
used to bleach raw wool. Whereas for cotton a pH 
of 10-11 is desired, wool is bleached at 7.2-7.4 
Acetate rayon is alkali-sensitive; bleaching with 
hypochlorite is carried out at pH 8.5-9.5. Pyro- 
phosphate and silicate buffers may be used both 
for cotton and wool; with acetate, a sulfated alco- 
hol must be employed. Viscose and cuprammonium 
rayon may be bleached with dilute hypochlorite at 
pH 9.4r-9.8, using silicate and sulfated alcohol. So- 
dium perborate and a sulfonated detergent have 
been used successfully at a pH as high as 10.2. 

Antistatics. The most important type of anti- 
static is used in processing and can thus he con- 



ddercd an auxniai^. It is nondutaWe, and none 
jjBjainR in the iabnc atter pTocesaing. Use ol a 
aurable antiatatic agent to impart lasting proper 
ties to a fabric is still in its infancy because none 
lasting the tull life of the product yet exists 

Neutralization of static electricity ib an impor- 
tant preliminary to spinning of synthetic fibers* 
the mutual repulsion of like charges will otherwise 
cause the strands to tangle. Cotton, with its much 
greater affinity for moisture (static electricity in- 
treafeCvS as environmental humidity decreases) does 
not present this problem. 

Antistatic finishes are usually chemical com- 
pounds po.s.sessing surface-active properties, whif'h 
appear if both hydrophobic and hydrophilic mo- 
lecular terminals are present (.see Soap and Df- 
nRGENr). The use of these finishes providers the 
most successful method of eliminating static 
fharges. Their efficiency is a function of the po^i- 
tion and type of chemical bond to the fiber, the 
number of polar groups available, and the nature 
of their polarizability. The molecular architecture 
of most antistatics consists of quaternary amine 
groups, phosphate esters, and polyoxvethylates 
(see OtTATI.HNARY AMMONIUM SALTS). These Ivpes 
arc ii‘'ed during prore‘5sing as aids in the spinning 
of extruded synthetic fibers. 


FINISHING AGENTS 

Finishing agents can impart to fabrics a range of 
pioperties from stiffness to softness to the touch 
Most of the finishing agents are used on cotton, 
wool, and rayon fabrics Caustic soda, ernplovc'd in 
mere erization of cotton, was one of the first hni'Rli 
ing agents to be used, Tn 1851 J. Mercet di-cNivercMl 
that a 15 20 '"r c*austir soda solution gave c'otton a 
new appearance and properties. It lierarne more 
cl>e-absorptive. more lustrous, and stronger. Mil- 
lions of Yards of >arn and cloth are treated b\ this 
process annually. Cotton is immersed in solutions 
of approximately 20^ caustic while under tension. 
The more fibers that are in tension the gi cater will 
he the lustering effects. Tlierefore, the best results 
are obtained with the fine yarns or with heavier 
yarns having reversed twists in the doublings. 

Optical bleaches. One of the newer finishing 
agents is the optical bleach or brightener, which 
has made it possible to give cotton and other fibers 
a brighter appearance and, when applied by com- 
mercial laundries, to make fabrics whiter. These 
chemicals were developed originally from stilbene 
derivatives. The most advanced type is the deriva- 
tive containing an 5 -triazine like that in the for- 
mula, where A indicates amino residue®- ^ 


yN. 

NY'N isOjH 

HN(CH»CH*OH) 




HN(CHt 

CH,0H) 


The amine may contain replacement groups suefc 
as sulfo or alkoxy. Inclusion of brightcneis in waro 
formulations gives the dried fabrics increased 
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Tartll# MftMMra. In search of the elusive 
property of fabric softness, textile chemists have 
achiev^ many different fabrir effects. There are 
many hundreds of chemicals classed as softeners 
on the market. Sulfated oils and tallows are the 
most common, producing wdt, silky hand. These 
finishes display ionic characteristics according to 
their molecular structure. However, quaternary- 
t>pe softeners such as di-fatty acid dimethyl qua- 
ternary ammonium chloiide aic coming into popu- 
larity ; some are employed to overcome harshness 
caused by the ne\ver t\ pes of resin finishes. 

A more recent type of .softener. Seronine AT, is 
amphoteric and has advantages over the older types 
in (hat its performance is unimpaired over a wider 
pH range. In addition, fabrics treated with it do 
not turn velhiw when used at high tern pel atures, a 
fault of other softeners. The hvdrocarbon chain, or 
fdttv pail, oiients into the fabric, forming a strong 
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ciiK lior. The soluhili/ing group so anchored at the 
surface thus imparts soft hand to the textile. Be- 
I diise the most common fabrics are negatively 
charged, cationic softeners with their positive 
charge have the gieatest permanence. 

Another way in which almost any degrtle of soft- 
nes*- and hand cafi h»' achieved is by the addition 
of synthetic fibers to natural fibers, such As viscose 
and cotton. Synthetic furs have been made with 
blends such as Dynel, Acrilan, Orion, and Vicara 
to simulate natural furs. Blending has become a 
scientific art and is carried out in a number of 
processing phases such as carding, spinning, or 
weaving. 

Resin finishes. Besides those used to bring about 
more effluent processing, better hand, and better 
appearance, there are types of finishes whhh im- 
part abrasion resistance, water repellency, water* 
proofness, shrink resistance, mildew resistance, 
.^tld crease resistance. 

Each of these finishes has been specially de- 
veloped both for the end use and the type of fiber. 
By far the most extensively used are resins which 
produce the “wash-and-wear’* effect in textiles 
made of both rayon and cotton. Cotton fahridb 
need improvement in crease resistance. The cotton 
fiber is highly crystalline, and its polymer struc- 
ture can take only limited chemieal modification^ 
Both wool ,and rayon, having less prysUlUnity, 
can be cross-linked with chemicals more readily; 
in fact, cross linking can be induced withoirt di- 
minishing fabric Strength as in cotton and linon- 



MAk demand for wash-and-wcar fabrioa haa 
a reaurgeitoe of activity in developmental 
cliWlllatay with the result that a number of new 
fiablkaa are now enjoying commercial^ success. 
Tlleae finishes have found wide application, espe- 
cially in the treatment of cottons, since cotton, 
unlike synthetic fibers, tends to lose its crispness 
upon drying and becomes unshapely because of 
crease puckering. Resin finishing treatments, how- 
ever, produce cotton fibers which will return^ to 
their original positions when dried, imparting 
wash-and-wear properties to the fabric. 

Those resins used earliest were the urea-formal- 
dehyde resins, produced by the reaction of urea 
with formaldehyde. They are applied in aqueous 
solutions and insolubilized and bound into the 

SOME TYPICAL RESIN MONOMER STRUCTURES 
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mental conditions present during the combination 
reaction. 

There is evidenccj>,that epoxy forms a cellulose 
epoxy cross linking, giving reduction of swelling 
and wrinkling and greater crease resistance, as 
well as resistance to the usual cellulose solvents 
The finish loses its effectiveness, however, after se\ 
eral commercial launderings. This loss may be at 
tribiited to acid conditions which result in hydro! 
ysjs of the ether linkages on the cellulose 
Recently, triazone resins of the following general 
structural formula have been developed for textile 
finishes: 


Meth)lat(>d irirnethvlol Dimeth\l(d ethvlenr 

melamine urf a 

fabric by thermal polymerization. The size of mole- 
cule developed from the dispersions is both time- 
and temperature-dependent Melamine types are 
more durable than the urea types, but the former 
retain chlorine, and cellulose fibers treated with 
them are subject to degiadation in household use. 
Chlorine, found in home bleaches, is absorbed by 
the resin; when the fabric is ironed, the chlorine 
may react chemically to produce hydrochloric 
acid, which breaks down the cellulosic chain struc- 
ture of cotton. A third resin, with the methylated 
urea structure, has better storage life while giving 
the same crease resistance. 

A series of newer polymers designed for textile 
ease of care and durability is in development; 
some have reached the marketing stage and 
achieved wide acclaim. The first of these were the 
soluble epoxy resins, part of a large group of 
glycidyl ethers, or polyols. They have high re- 
sistance to laundry degradation and damage by 
chlorine bleaches, as well as freedom from objec- 
tionable odors. At present, their cost is high. A 
recent and commercially successful resin finish of 
this type is 3-chloro-l,2-epoxypropane. Before 
resin is applied, the cotton material is given pro- 
longed caustic treatment in order to render the 
epoxycellulose impervious to any harmful environ- 
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X is an alkyl radical or another triazone resjdui 
linked by two methylene groups. Methoxyamine 
radicals may also be present in the structure 

These triazone finishes preserve the whitenes^^ of 
fabrics through laundering and ironing; further 
more, they do not cause any great loss in fiber 
strength. As with other resin finishes, however, 
gradual hydrolysis of the resin polymer occurs, 
with accompanying loss of crease resistance. With 
these and other finishes, application conditions 
must be carefully controlled to regulate such fac- 
tors as curing time, solids content, temperature, 
and catalyst quantities. Treatments to eliminate 
odor and discoloration are often employed after 
resin application. 

Other finish compounds recently reported to have 
reached commercial status include vinyl cyclo- 
hexane dioxide, modified glycol acetal, and tris- 
(1-aziridinyl) -phosphine oxide, which also imparts 
flame-retardant properties. Recent research, how- 
ever, has been directed to cross-linking cellulose in 
cotton with chemicals having difunctional groups 
or multifunctional groups. Cotton so treated can 
be made to retain its resilience in both the wet and 




dry states. Nonresinous finishes have the advantage 
of greater ease of application. Strong molecular 
bonding to the fiber molecule coupled with limited 
(controlled) cellulose cross linkage results in im- 
provement of fabric properties. One manufacturer 
IS uMng solely a cellulose cross-linking agent as a 
wash-and-wear finish with good results. 

Flame resistance. Although extensive research 
work has been undertaken to produce flame-resist- 
ant finishes, no completely satisfactory method has 
l)nome available. However, one of the more suc- 
cessful treatments uses phosphoric acid and urea, 
followed by high- temperature curing, while an- 
other uses tetrakis (hydroxymethyl) phosphonium 
I liloi ide. 

TEXTILE COATINGS 

Coatings are applied to improve a fabric’s prop- 
erties, to impart new properties, or to do both. For 
(xample, a coating may improve substantivity and 
impact strength and simultaneously impart water- 
proofnesb and heat-resistance. Coatings alter the 
surface of the fibers. Linseed oil was one of the 
first chemical coatings for fabrics. It was used to 
imparl water- and weather-resistance. A similar 
(odied cotton fabric was developed to protect the 
"kin against mustard gas in World War II. Today 
there are rubberized fabrics, nitrocellulose fabric 
(oatings, coatings of synthetic rubbers, and fully 
"\nthetic plastic coatings for waterproofing and 
other types of protection. 

Among the coating techniques used for fabrics 
are spreading, calendering, dipping, and laminat- 
ing. Spreading is accomplished by use of a doctor 
hldde or knife to control the coating thickness. 
In calendering, a thin coating is applied by'* com- 
pression with rollers. In laminating, sheets of the 
textile are rolled through the coating substance 
and then pressed together in an oven and cured. 
Wh resins as polymers and copolymers of vinyl 
chloride, vinylidene chloride, and polyethylene are 
''iiitahle for calendering only. For lamination,^ 
resins such as melamine, unsaturated polyesters, 
^throne, urea-formaldehyde, polyvinyl chloride, 


vinyl acetate, rubber, isocyanates, and urethanes (a 
new and vprsatile finish) are often used, although 
phenolic types still predominate. 

The most common textile fibers used as sub- 
strates are Dat ron, glass, rayon, nylon, Orion, and 
asbestos. Coated fabrics can be made that 
“breathe,” that is, have a high permeability to 
water vapor but resist the passage of water in the 
liquid phase. This property is conferred by poly- 
vinyl chloride resins applied in a thin discontinu- 
ous film on a hard-woven fabric. Such materials 
can be embossed or printed with colors depending 
on the type of plastic coating used. See Plastics 

i ABRKAnON. 

Some nondurable coatings, for example, the par- 
affin waxes, can be made wash-resistant by the in- 
corporation of aluminum and zirconium salts. The 
more durable finishes consist of highly insoluble 
stearic acid derivatives such as methylol stear- 
amide, in the solubilized or dispersion form. After 
application, they are cured at high tempciEatures. 

DURABLE WATER REPELLENTS 
CitHsjCON+H, CI- 

C,7H,.C0CH,N+ 

Silic-one. represent a newer type of wa»«r-re- 
pellent finish. The principle is diflferent from that 
employed in the preceding finishes because no fatty 
groups are involved. Instead, a plaatic film enwtaps 
.hf fibers. Formula (I) shows the prepolymer pre- 
pared from the hydrolysis of dimethyl dichloroail- 
ane and methyl hydrogen dichlprosilane. Formula 
(II) shows how the silanic hydrogen cross links 
during oxidation. The hydrophobic methyl groi^M ^ 
are oriented out from the fiber and dte siloxane * 
structure 3i''“0'~"Si orients toward the fiber sur- 
face forming a molecular anchor, the principle be- 
ing the same as in the softening agents. 

Fluorocarbon coatings, a recent development, 
impart stain- and water-repellency to cotton 
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lies. The eoatinc conaists of a perfluoro compound 
and can be applied as an emulsion in a water- 
acetone solvent. 

NONW0VEN FABRICS 

These types of textile are still chiefly in the de- 
vdopment stage, rather than in full production. 
Nonwovens offer high elasticity and resiliency and 
can be used to back up other fabrics. They are used 
in shoes and surgical dressings and are finding a 
widening market. Cellulosics such as acetate rayon 
and synthetic are the fibers most often used. The 
fiber resins most frequently employed are polyvinyl 
acetate, nitrile rubber, acrylic ester, and GR-S. In 
some cases, thermosetting resins are desirable to 
cement the fibers for the particular end use. 

Actually, felting may be regarded as a nonwoven 
material, and, therefore, pressed felt is one of the 
oldest forms of nonwoven fabric This type of fab- 
ric is built up of the interlocking of fibers and re- 
quires no bonding agent. The fibers become stably 
intermeshed by a combination of mechanical work, 
chemical action, moisture, and heat. 

Another type of nonwoven material with espe- 
cially short fibers % in. long is flock. The 
fibers are spraved onto surfaces coated with an 
adhesive. Considerable quantities of flock are used 
in novelty items, such as wallpapers and record- 
player turntables. See Tex file I r ( .] 

Bibliography i W. H. Cady (cd.). Technical Man- 
ual of Am. Asso(, of Textile Chemists and Color- 
ists^ 1958; W. Garner, Textile Laboratory Manual 
2d rev. ed., London, 1951. 

Textile microbiology 

That branch of industrial microbiology concerned 
with textile materials. Most of the microorganisms 
on textiles — the fungi, actinomycetes, and bac- 
teria — originate from air, soil, and water. Some of 
the microorganisms are harmful either to the fibers 
or to the consumer. They may decompose the cellu- 
lose or protein in the fiber, or affect the consumer’s 
health. Since the minimum moisture content for 
microorganism development is 7%, dry storage is 
an effective prevention measure. Some of the micro- 
organisms are useful, for example in the retting 
process, in which fibers are liberated from the 
stalks of such fiber plants as flax, hemp, and jute 
Retting is discussed in a later section. 

Cotton. Microbial attack of cotton can occur at 
any time from the opening of the boll. The fiber or 
fabric may be degraded resulting in a decrease in 
length of the fiber and strength of the cloth, uneven 
dyeability, darkening, or formation of colored 
spots. A large variety of fungi can be active in this 
process. Representatives of the genera Chaeto- 
mium and Myrothecium have the highest cellulose- 
decomposing activity; representatives of Alterna- 
Tuif Cladosporium^ Fusanum^ and Oiplodia are ac- 
tive in field cotton: Aspergillus, PenicUlium, and 
Stachybotrys arc active in stored cotton and fabrics 
(mildewing). See Ascomycetes; Moniliales. 



Stages of deterioration of cotton fiber under influence 
of fungi (o) Normoi fibers (b, c) Fungal hyphoe grow 
ing on the outside of the fiber (d) Fungal hyphoe 
growing in the lumen of the fiber, (e, f) Fibers show 
ing excessive and irregular swelling, (e) cavitomic 
stage, (f) mildewed fiber with cuticle damaged and 
loosened (arrow) (g, h) Final stages ^of deterioro 
tion Note fungal hyphae in spiral around fiber (g) 
(A. N. J. Heyn, Textile Ind , voL 120, 1956) 

/ 

The number of contaminating bacteria varic'^ 
from about 1,000,000 to 100,000,000 per gram of raw 
cotton. Among these are the cellulose-decomposing 
bacteria They all belong to the Myxobacleriales 
and have been found on field cotton where they 
probably play an important role in degradation 
Aerobacter cloacae has also been found on raw rot 
ton. This organism is of interest because it causes 
a respiratory disease. See Myxobacilralls 

Cotton is examined for microbial damage by a 
series of tests. In the Congo red test, microscopic 
examination is made of the cotton fibers after a 
dye, Congo red, has been applied. The undamaged 
cotton fibers appear pink, and the damaged cotton 
fibers appear red and may be cracked. In the swell 
ing test, the degree of swelling of the cotton fibers 
is compared with that of normal cotton. Cotton at- 
tacked by microbes has a higher degree of swell- 
ing than normal cotton. Other testing methods de- 
termine the pH of an aqueous extract of the cotton 
and the fluorescence of the cotton fibers in ultra- 
violet light. 

Wool. The number of bacteria and molds on 
wool has been reported as 1,200,000 per gram and 



nay incnsaae to 65,000,000 in wet, acoured wool 
/Ichromobacter liquefaciens^ a nonsporeformer, aiEid 
various sporeforming bacteria, such as Bacillus 
subtiiis, wuse the greatest damage to wool. In the 
degradation process the fiber scales are broken 
down and hydrolysis of the intercellular substances 
of the cortex takes place. If woolen fabrics are 
heated to 60"C, putrefaction caused by growth of 
$, subtiiis and Agarhactcrium mesentericum may 
develop and produce an uneven dyeability. 

Fungi may develop on stored wool under humid 
conditions and when degradation products of fi- 
brous proteins arc present. Microbial damage of 
wool can be tested, for example, by the brilliant 
blue fluorescence of the degreased sample under 
ultraviolet light, and by the absence of partial de- 
composition of the scales. 



Growth of cellulose bacteria iSporocytophaga myxo- 
coccofdes Stonier) on cotton fiber, (a) Initial stage, 
(b) Final stage. (A. N. J. Heyn, Textile Research J., 
27:591, 1957) 

Retting. This is a microbial process used for 
liberating fiber bundles from the stalkw of fiber 
plants. In principle, retting consists in a breaking 
down of pectic substances between the ceil walls 
(middle lamellae) of the individual cells of the 
tissue surrounding the bundles. As a result, the 
bundles become separated from the surrounding 
tissue and can then easily be extracted mechani- 
J'ally. 

In water retting, the stalks are immersed in cold 
or warm, slowly renewed water, for from 4 days to 
''Cveral weeks. The water source may be from riv- 
ers or constructed containers. The active organism 
is Clostridium felsineum and related typ?«^ which 
break down the pectin to a mixture of organic 
acids (chiefly acetic and butyric), alcohols (bu- 
tanol, ethanol, and methanol), carbon dioxide 
(CO 2 ) and hydrogen (H 2 ). Its optimum activity at 
is the basis for the warm water retting proc- 
ess. Related species may be active in cold-water 
retting. In dew retting the stems are spread^ out 
in moist meadows; here the pectin decomposition 
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Textile printing 

The specialized dyeing of restricted areas on fab- 
rics. For discussions of related topics sec Dye; 
Dyfinc. 

The application of color to textiles in printing 
involves the preparation of a printing paste which 
must contain sufficient color, the assistants to de- 
velop and fix the color, and enough thickening 
agent to confine the paste appli- ations to the de- 
sired areas on the goods. The printing pa.sto is ap- 
plied to ihe cloth by intaglio-engraved metal rollers 
(machine printing) or by squeegee through nega- 
tive design-coated silk screens (screen printing). 
The printed cloth is then subjected to heat, steam, 
acid fumes, or whatever will develop the locally 
colored areas. Final washing and drying as needed 
are part of the process. Because of the basic simi- 
larity to dyeing, only special types of printing will 
be discussed in detail. 

Huinectants such as glycerine, glycols, and urea 
are incorporated in the printing pastes to promote 
the solubility of some dyes hut mainly to attract 
and hold water which is necessary to the develop- 
ment of the dye and to its fixation in the fiber. 

In water-paste printing, dextrins, starches, gums, 
cellulose ethers, alginates, and emulsions are luted 
to thicken the dye solution and to form the print- 
ing paste. 

Resist printing. Reserving agents are chemicals 
used in the printing pastes whose function is to 
prevent development or fixation of the color-form- 
ing body in another printing paste or in the goods 
itself. For example, a red design could be printed 
on goods from a paste containing alkali or other 
chemiials. An aniline black printed as a large 
blotch (ompletely over this design would not de- 
velop in the alkaline area and would produce a 
black area containing a red Inset. 

Discharge printing. This process involves print- 
ing of a color-destroying agent (usually hydrosul- 
fite) onto dyed goods, resulting in a white design 
*n a colored background. If the discharge paste 
contained a dye not destroyed by the other ingredi- 
ents, then a colored design would appear on the 
dyed material. This latter device is called color 
discharge printing. 

Vat colors- In this process, the colors are printed 
from a paste containing reducing agent, alkali, and 
dye. For best results the color must not become re- 
duced until the goods Is steamed. For this reason, 
reducing agents such as sodium formaldehyde 
sulfoxylate or thiourea dioxide are used because 




libey do nol onrt their full reducing potential until 
biidH tOmperatures are reached. Such vat prints are 
JElaod by a pass of about 7 min throu^^ a steam 
boa ’addch is called a vat ager. Wadiing in an 
addiM oxidizing solution develops the color. Vat 
Coloili may also be printed in emulsions instead of 
in thickened pastes. 

Flush aging. Because conventional vat color 
printing pastes tend to reduce prior to the pass 
through the steamer, a technique not requiring re- 
ducing agents in the paste has been developed. A 
thickener which is practically insoluble in caustic 
soda is mixed with vat color. This paste is printed 
on the goods and dried. The goods may be de- 
veloped at once or safely stored until a convenient 
time because no reactive substance is contained in 
the paste. Ultimately the printed goods is run 
through a padder containing caustic and hydrosul- 
fite, and then is passed directly into hot steam for 
rapid development. This process requires vat dyes 
of specially controlled particle size to prevent in- 
complete development or migration of dye out of 
the printed area. 

Naphthol printing. Naphthols which are deriva- 
tives of )3-oxynaphthoic acid are applied to the 
goods. Diazotized products called color salts are 
printed upon the naphtholated goods, and coupling 
and development takes place rapidly. The excess 
naphthol is then scoured out of the material. 

Axoic printing. Azoic compositions, which are 
mixtures of the naphthols and diazotized products, 
temporarily inhibited from color development, are 
printed on the cloth. When the printed goods is 
passed through steam containing formic acid vapor, 
the coupling reaction is triggered and develop- 
ment takes place. The acid steaming is called 
acid aging. 

LaitCO vat esters. These are soluble reduced vat 
dyes stabilized in the reduced state by esterifica- 
tion. Acid and an oxidizing agent will cause these 
products to revert to their insoluble form. They are 
printed with an oxidizing agent and developed in 
the same manner as the azoic compositions above, 
or with a printing paste containing acid-splitting 
agents and developed in a neutral steaming. Acid- 
splitting agents are neutral salts of ammonia, for 
example, which can break up and yield acid on 
heating. 

Etch printing. A material may have a body of one 
type of fiber and a pile of another fiber. Chemicals 
which attack only the pile fibers are printed on the 
goods; the goods is heated and the printed pile is 
destroyed leaving sculptured effects in the remain- 
ing pile areas which, of course, had no destructive 
agent printed upon them. This is also known as 
burn-out printing. 

Flock printing. Adhesive pastes are printed on 
goods, and while the adhesive is still wet the goods 
is passed between electrodes activated by alter- 
nating current. Charged particles of flock (short 
lengths of textile fibers) impinge upon the adhe- 
sive and remain; other areas do not permanently 


hold the flock. A simple Uowiii| ef 
against the adhesive areus wiU klso produce flock 
prints. 

Pigmont printing. This process is becoming the 
most widely used process in textile printing. When 
water is dispersed in oil, the water becomes the 
thickening agent. For this reason pigments dis- 
persed in water are emulsified into solutions of 
resins, making successful textile pigment-printing 
operations possible. Simple heating of the printed 
goods drives off the volatile matter, and the re- 
maining resin fixes the pigment to the goods. 
Newer techniques use water as the outer phase; it 
is claimed that sharper prints are thereby obtain- 
able. In both types of printing paste, the pigment 
may be dispersed in either the water or the oil 
phase, but at the end of the application it is 
clear that the pigment is intimately involved with 
the resin which bonds it to the fibers. 

Plissd printing. The printing of swelling agents 
upon the fabric enables shrinkage distortion of the 
softened areas, thus Wnparting a plisse (crinkled) 
effect to the goods. Caustic soda produces this ef- 
fect on cotton, and phenol similarly affects nylon. 
See Textile chemistry. (j.e.lo.] 

Bibliography i L. Diserens, Chemical Technology 
of Dyeing and Printings vol. 2, 1951. 

Thaliacea 

A small class of pelagic Tunicata especially abun 
dant in warmer seas. This class of animals con 
tains three orders: the Salpida, Doliolida, and P> 
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(a) 



Two examples of Thollacea. (a) A salp, Thalia dom- 
ocratica; solitary, asexual form (offer Metcalf); (h) a 
dollolid, Doliolum; solitory, asexual form (after Ul- 
janin); (1) oral aperture; (2) atrial aperture; 
(3) pharynx; (4) endostyle; (5) esophagus; (6) 
tine; (7) anus; (8) atrium; (9) heart; (10) dorsal go"* 
glion; (11) muscle band; (12) tunic; (13) budding 
stolon. 



jjgomkla. attU apertum occur at oppo- 

euda of Ac body. Monbera of Ac ordera^. 
pida and Dcdiolida are uanaparent forma, partly or 
wholly ringed by moacular banda. The contracUona 
of Aeae banda produce curtenU used in propul- 
gion, feeding, and reapiration. The life cycle m- 
volvea an alternation between solitary, asexual 
oozooids, which reproduce by budding from a com- 
plex stolon, and colonial, sexually reproducing bias- 
tozooids. The order Pyrosomida includes species 



Colony of Pyrotoma atlanticum , (From Motcalf and 
Hopkins, aftor Ritter ) 

which form tubular swimming colonies and which 
are often highly luminescent. Salpa, Doliolum, and 
Pyrofoma are familiar genera. Sec Tunicata; see 
alw Biolumineslence. fD.P.A.! 

Bibliography. H. Thompson, Pelagic Tumcates 
of Australia, G>mmon wealth Council for Scientific 
and Industrial Research, Australia, 1948. 

Thallium 

\ chemical element, Tl, atomic number 81, and 
atomic weight 204.39. Thallium, a member of 
croup III of the periodic table and the sixth period, 
has d valence-electron configuration of 6s‘6p*, 
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which results in a maximum oxidation state of III 
«ind a lower oxidation state of I. The Goldschmidt 
iddius for the ion is 1.05 A, and for the TP^ 
ion 1.49 A. Thallium is a minor constituent in iron, 
('Upper, sulfide, and selenide ores. Minerals of 
thallium are considered rare. It occurs in thfe earth s 
( rust to the extent of p.6 X 10“** %• 

There are no large-scale uses for thallium metal, 
and indeed there is little demand for thallium com- 
pounds. Thallium compounds arc toxic to humans, 
and other forms of life. When mixed with food, 
they have been used as rodenticides. ^ 

Properties of the element. Thallium is re- 
(overed from the flue dust of roasting operations. 


It » exteac^ (ron» thne nsidufM, uA Mmmd 
8 tbe metd by eleetrolytie reduction fro«i auUuta 
solutiom. It 18 8 white, 8oft metal wlA « mehAg 
^mt of M25*C, a boiling point of 1460'*C, and a 
^sity of 11,83 g/cm*. The metal ia cupable «f 
being oxidized by hydrogen ion as shown by the 
standard electrode potential of +0.3363 volts for 
the reaction 


n-^Tl'^ + e" 

To dissolve the metal, however, an oxidizing acid 
such as nitric acid is used, because thallium chlo- 
ride and sulfate arc not very soluble, and their 
formation interferes with the oxidation. Thallium 
metal reacts with the halogens and oxygen at ele- 
vated temperatures to form the oxidation stale 1 
compounds. 

Principal compounds. Thallium (1) fluoride is 
soluble in water, but thallium hloride, bromide, 
and iodide are only slightly soluble, with the solu- 
bility progressi\ely decreasing in that order. 

Thallium (1) oxide is a black powder which re- 
acts with water to yield the hydi oxide. The hydrox- 


rnaiiium(l) halides, T1X 



Melting 
point, **€ 

Boiling 

point, 

TIF 

327 

655 , 

TlCl 

430 

806 

TlBr 

456 

815 

Til 

440 

824 


ide, a vellow crystalline substance, is quite soluble 
in water and is a strong base. 

Thallium (I) ions can be oxidized to thallium 
(III) in solution by a good oxidizing agent. The 
standard polentud for the reaction 

Tl^ TP^ + 2e- 


is - 1.25 volts, which is just about the same as the 
standard potential for the oxygen-watdr couple. 
In hot solutions, thallium (III) is unstable with 
respect to reduction to the I state by water. Like 
thallium (1). thallium (IIH ions are colorless in 
solution. 

When base is added to a solution of thal- 
lium (III), the brown TI 2 O 3 is precipitated; the 
hydroxide has been shown to be nonexistent. The 
carbonates, sulfates, phosphates, and oxalates of 
thallium (III) are also water- insoluble. The thal- 
lium (HI) oxide starts to decompose to thall]um(I) 
<»xide at 100®C. 

The halides of thallium (III) are unstable ther- 
mally with respect to the halogen and the thal* 
]ium(I) halide. The trifluoride is the most stable 
and can be prepared by the reaction of fluorine 
with thallium (III) oxide. TlFs melts in an atmdi^ 
phere of fluorine at about 550^C, but decmntmses 
when heated in air, and hydrolyzes ia water. Oxida- 
tion of thallium (I) chloride by chlorine gives 
thallium (III) chloride, which decomposes upon 
melting at 25''C. The bromide diows an approd- 


able partial pre&aure of bromine even at room tem- 
perature. The iodide apparently is not (T1*^3I“) 
but rather (Tl% U" ) , at least in the solid state. 

G>mpoui^8 containing mixed oxidation states 
of thalHum can be obtained by careful decomposi- 
tion of the thallium (III) halides. Examples of 
these are TbCTlCle) and Tl(TlBr4). With the 
alkali metal halides, hydrated salts are obtained 
in which the oxidation state three is stabilized as 
the anion, for example, NaTlU* KTlBr4, K,iTlCl6, 
and CssThCh. In the latter case, thallium occurs 
in a binuclear anion with each thallium surrounded 
by six chlorines octahedrally, and with three chlo- 
rines making a common face. 

Thallium forms organometallic compounds of 
the following general classes, R3TI, R2TIX, and 
RTIX2, where R may be an alkyl or aryl group, 
and X a halogen. The compound Et'iTlCl is pre- 
pared by the reaction of a Crignard reagent, ethyl 
magnesium bromide, with thallium (III) chloride. 
The triethyl product Et^Tl is prepared in turn by 
the reaction of lithium ethyl with the diethvlthal- 
lium chloride in an appropriate organic solvent. 
Triethylthallium is a yellow liquid with a melting 
point of — 63®C and a boiling point of 55®C at 1.5 
mm pressure. It decomposes at ISO^^C. In contrast, 
the dialkylb are very stable thermally and are re- 
sistant to the action of oxygen and water as well. 
The monophenyl dichlorothallium (mp 234°C) is 
prepared by boiling thallium (1) chloride with 
phenylboric acid in water. It tends to decompose 
to the diphenyl compounds and thallium. The alkyl 
members of this series, like those of the other two 
classes, are less stable than the aryl compounds. 

Analysis. Thallium may be determined spec- 
troscopically or in solution by oxidimetry. The 
TI2OM may also be precipitated and carefully dried 
to avoid decomposition. See Gallium ; Indium. 

[e.m.l.] 

Bibliography: .1. Kleinberg (ed.). Treatise on 
Inorganic Chemistry^ vol. 2, 1956; N. V. Sidgwick, 
The Chemical Elements and Their Compounds^ 
vol. 1, 1950. 

Thallophyta 

One of the two subkingdoms of plants. It consists 
of a vast array of lower, less developed species as 
contrasted to the more advanced forms in the 
higher subkingdom Embryophyta. The Thallophyta 
include numerous remotely related plants, such as 
pond-scums, seaweeds, molds, yeasts, and bacteria. 
Although all are structurally simple, the thallo- 
phytes range in size from microscopic, unicellular 
forms to large multicellular plants, some more 
than 200 ft long. 

Despite great diversity, the Thallophyta have 
some characteristics in common: (1) none pos- 
sesses the vascular tissues xylem and phloem; (2) 
for this reason, none has true roots, stems, or 
leaves, although some species have rudimentary 
structures which resemble these organs; (3) the 
sex **organs** and the sporangia are usually unicel- 


lular; the gametes and spores are nM enclosed i 
a jacket of sterile wall cells; and (♦) the 
do not produce multicellular embryos while still in 
the female sex ‘^organs,’* as in higher plants. 

Thallophyta is divided into seven jrfiyla of algae* 
Cyanophyta, Euglenophyta, Chlorophyta, ChryscK 
phyta, Pyrrophyta, Phaeophyta, and Rhodophyta. 
See separate articles for descriptions of each 
phyla. Three groups of fungi, frequently ranked 
as phyla, are included in the Thallophyta, though 
opinion is divided as to their taxonomic status. 
As phyla, they are designated as the Schizomyco- 
phyta, Myxomycophyta, and Eumycophyta. See Eu- 
MYCETEs; Myxomycetes; Schizomycetes. fp.D.s.J 

Bibliography: H. C. Bold, Morphology of Plants, 
1957 ; G. M. Smith, Cryptogamic Botany, vol. 1, 2d 
ed., 1955. 

Thecanephria 

An order of the phylum Brachiata containing a 
group of elongate, tube-dwelling, tentaciilate, deep- 
sea animals of bizarri structure. The order com- 
prises the families Polybrachiidae, Lamellisabelli- 
dae, and Spirobrachiidae. This order was erected 
by A. V. Ivanov in 1955, to distinguish these fami- 
lies from the two families in the Athecanephria, 
the other order of the class. The anterior coelom is 
horseshoe-shaped. The excretory sections of the 
coelomoducls in the first segment are approximated 
medially and greatly convoluted. They are situated 
in the ventral, saclike invagination of the wall of 
the dorsal vessel. There is no pericardium. These 
features provide the basis for the separation of the 
two orders. See Brachiata. ^ [7.11.11] 

Thecodontia 

The most primitive order of archosaurian reptiles, 
confine^- to the Triassic. They differ from Lepido 
Sduria in the absence of a supratemporal bone 
parietal foramen, and palatal teeth, and in the 
presence of an antorbital fenestra; dorsal inter- 
centra are absent. Primitive features in compaiisori 
to other archosaurs include retention of davit 10*5 
and interclavicle, and platelikr development of 
pubis and ischium, which, however, show the be- 
ginning of elongation associated with bipedu]]**m 
The feet were 5-toed, and rear limbs weie always 
longer than front limbs. The order is ancestral to 
crocodiles, pterosaurs, birds, and both saurischian 
and ornithischian dinosaurs. See Arlhosauria; 
Lepidosauria ; Reptilia fossils. 

Chasmatosaurus, the oldest archosaur, with a 
pointed skull and down-curved snout, and ErythrO’ 
suchus, a heavily built quadruped 4 m long, are 
both from the Early Triassic of South Africa. Typ- 
ical armored p.seudosuchians of the Late Triassic 
range from the lizardlike Aetosaurus to Desmato- 
suchus (Fig. 1) which was more than 2% m long 
and had long horns curving over its shoulder. Sal- 
toposuchus (Fig. 2) and Ornithosuchus had small 
bony plates in rows beneath the scales along the 
back. 




Fig. 1. Rettorations of the quadrupedal thecodonts 
(a) Phytosaurus and (b) Desmafoiuchus (Prom E H Col- 
bert, Evolution of the Vertebrates, Wiley, 1955) 
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diuretic in the treatment of various types of ede» 
mas. Because of its relatively loiv solubility, It U 
used mostly in the form of mixtures which are 
much more soluble. See Alkaloid; Cacao. 

[S.M.K.] 


Theodolite 

A surve>ing instrument for measuring horizontal 
and vertical angles, similar in principle to the 
transit In America the term implies maximum pre- 
cision; the graduated circles for angular read- 
ings are large, aftd the telescope has high magni- 
fication A sensitive level bubble on its trunnion 
axis prevents the telescope-reversal feature of the 
transit A repeating thecnlolite has the transit’s 
upper and lower motion, permitting angle repeti- 
tion A direction theodolite’s horizontal circle is 
fixed on the leveling head, requiring the compute- 


Fig 2 Skeleton of Saltoposuchus, a Late Triassic 
pseudosuchtan from Germany. (After von Huene) 
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Fig 3 Skull of Phytosaurus. N indicates position of 
external nostril (After E. H. Colbert) 


The phytosaurs (Parasuchia) were Late Triassit 
thecodonts specialized for aquatic life in a fashion 
<«imilar to crocodiles and gavials, from which thev 
differ most obviously in the posterior position of 
the external nostrils, absence of a secondary palat^ 
and pelvic and shoulder girdles. Paleorhinus end 
Mystriosuchus had extremely slender rostra; P y- 
tosaurus (Fig. 3) was massively built [j.T.c.l 

Bibliography: A. S. Romer, Vertebrate Paleon- 
tology^ 2d ed., 1945. 

Theobromine 

An alkaloid prepared from the dried ripe f 
Theobroma cacao or made synthetically It is o e 
extracted from waste producte of the cocoa and 
chocolate industry. Theobromine is a close c cm 
cal relative of caffeine. 

Theobromine is known to be responsible, in paai, 
for the stimulant action of cocoa and other 
ages. In addition, it is used therapeutical y as 



by subtraction of the smaller direc- 
49o|i trading from the larger direction reading. In 
Ettrajpe, theodolite commonly refers to any type of 
prediidoii surveying instrument for horisontal and 
vertioal angle measurement. See Surveying; 
Transit (engineering). [r.h.do.] 

Theorem 

A proposition arrived at by the methods of logical 
dieduction from a set of basic postulates or axioms 
accepted as primitive and therefore not subject to 
proof. Since a theorem is part of a purely formal 
system it is not meaningful to speak about the 
“truth” of a theorem but only about its “correct- 
ness.” That is, the only point at issue with regard 
to a theorem is whether there is any flaw in the 
logical steps by which it has been deduced from the 
postulates. The classic example of a system of the- 
orems is afforded by Euclid’s system of geometry, 
which is now recognized to have only a purely for- 
mal character although it was formerly considered 
to be meaningful to ask whether Euclid’s geome- 
try was “true.” 

Theorems are most frequently referred to with 
a mathematical connotation. See Lock. 

fp.W.B.] 

Theoretical physics 

The description of natural phenomena in mathe- 
matical form. It is impossible to separate theoret- 
ical physics from experimental physics, since a 
complete understanding of nature can be obtained 
only by the application of both theory and experi- 
ment. See Physics. 

Purposes. There are two main purposes of 
theoretical physics, the discovery of the fundamen- 
tal laws of nature and the derivation of conciliations 
from these fundamental laws. 

Discovery of fundamental laws. Physicists aim 
to reduce the number of laws to a minimum to 
have as far as possible a unified theory. When the 
laws are known, it is possible from any given initial 
conditions of a physical system to derive the subse- 
quent events in the system. Sometimes, especially 
in quantum theory, only the probability of various 
events can be predicted. See Quantum mechan- 
ics; Quantum thfory, NONRELATivisnr. 

Conclu.sions from fundamental laws. These may 
be of several different types. 

1. Conclusions may be deiived in order to test a 
given theory, particularly a new theory. An example 
is the derivation of the spectrum of the hydrogen 
atom from quantum mechanics; the verification of 
the predictions by accurate measurements is a good 
test of quantum mechanics {see Atomic structure 
AND specira). On rather rare occasions experiment 
has been found to contradict the predictions of an 
existing theory, and this has then led to the dis- 
covery of important new physical laws. An exam- 
ple is the Michelson-Morley experiment on the 
constancy of the velocity of light, which led to 
special relativity theory. For a discussion of this 
experiment, see Light. 


2. Theory may be required for Aperimcnts de 
signed to determine physical constaiits. Most {n 
damental physical constants cannolr ht accurate? 
measured directly. Elaborate theoites may be r^ 
quired to deduce the constant frcttn indirect ex- 
periments. An example is the MUlikan oibdrop 
determination of the electron charge, which re- 
quires the knowledge of the motion of small drop- 
lets in air as deduced from hydrodynamic theory 
See A roMic constants. 

3. Predictions of physical phenomena may be 
made in order to gain understanding of the strm- 
ture of the physical world. In this category fall 
theories of the structure of the atom leading to an 
understanding of the periodic system of elements, 
or of the structure of the nucleus in which various 
models are tested (shell model, collective model 
etc.). In the same category fall applications of the 
oretical physics to other sciences, for example, to 
chemistry (theory of the chemical bond and of the 
rate of chemical reeptions), astronomy (theory of 
planetary motion, infernal constitution and energ^ 
production of stars), biology, etc. 

4. Engineering applications may be drawn from 
fundamental laws. All of engineering may be con 
sidered an application of physics, and much of it 
is an application of mathematical physics, Muh 
as elasticity theory, aerodynamics, electricity, and 
magnetism. The generation and propagation of 
radio waves of all frequencies is one of the rela 
tively recent examples of application of theoretKal 
physics to direct practice. See Elect R imv; Mal- 
NtnsM; Radio-wave propagation. 

Content. Apart from the classification of the 
fields of theoretical physics according to purpo-e 
a classification can also be made according to ron 
tent. Here one may perhaps distinguish three cla*' 
sificatfon principles: type of forces, scale of ph>si 
cal phenomena, and tvpe of phenomena. 

Types of force. At present four different tvpes 
of force aie known to physics. The best understood 
is electricity and magnetism. Here the fundamenial 
laws. Maxwell’s equations, are completely known 
Corrections due to quantum theory exist but can he 
calculated. For practical purposes electromagnelir 
fields can be calculated with confidence and pre- 
cision, from dc fields to the shortest y-ray wave 
length. See Electromagnetic radiation; Forci. 
Maxwell’s equations. 

The second type of force, known to man for the 
longest time, is the gravitational force. For practi 
cal purposes, Newton’s inverse-square law is usu 
ally sufficient. The most complete theory of gravi- 
tation, however, is Einstein’s general theory of 
relativity, which has great beauty but only limited 
experimental confirmation ; therefore rival theories 
are sometimes proposed. See Gravitation; Rela- 
tivity. 

The strong force which holds atomic nuclei to- 
gether is the third type. In contrast to the first two 
types, only some of the general features of the 
nuclear force are known at present No exact 
quantitative predictions from first principles, simi- 
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can be made in nndew \heoty. It U Vnwn tbai 
nuclear iotcea are reiat^ to various unstable par- 
ticles (mesons), but this relation is only partially 
understood- The nuclear force is the strongest force 
known to physics but extends only over very small 
distances. See Nuclear structure. 

Distinct from the nuclear force are the weak 
forces responsible for beta radioactivity and similar 
phenomena. They are probably closer to being un- 
der<«tood than the strong nuclear force. 

Scale of physical phenomena. The motion of 
bodies on the scale of everyday life can be de- 
mrihed by the classical mechanics of Isaac New- 
ton Phenomena in very small dimensions, espp. 
tialiy inside atoms or atomic nuclei, must be 
desi ribed by quantum mechanics. The latter theory 
lontains Newton’s mechanics as a special case See 
MffHANlCS, CLASSIC AL. 

The description of physical phenomena is also 
different according to the velocities of the bodies 
involved. When the velocity is a substantial frac- 
tion of that of light, the special theory of relativity 
must be used to describe the motion. (The special 
ihcorv of relativity has hardly anything in com- 
mon with general relativity theory except the name, 
and 111 contrast to the general theory is established 
bpxuid doubt by an enormous number of pxperi 
mcnls I Newton’s classical mechanics again is a 
s|)P( lal case of the mechanics of special relativity 
See Rn\rivisrK n ectrodynamics; Rfiativisiic 

MU HANICS. 


Typp of phenomena. The moat customary elaiiai* 
ncation of theoretical physics is according to the 
type of phenomena described. The following are 
the mam fields under this heading: 

1. Mechanics is the theory of motion of bodies 
un er given forces. It is normally understood to in- 
volve classical mechanics only, and includes par- 
ticle mechanics and mechanics of rigid bodies 
(scp Mechanics). In particle mechanics, celeslid 
mechanics is an important subdivision; this in- 
cludes planetary motion, the motion of artificial 
satellites, and the complicated motions resulting 
when three bodies interact (the classical three- 
bod\ problem) The field of rigid-body mechanics 
me hides the complicated theor of gyroscopic 
motion with and without external fields of force. 
See Chi-stiai mfchantcs, Gyroscofl; Rilid- 

BODY DYNAMICS. 

2 Continuum me* hanics is the iheory of motion 
of bodies taking into acc^ount their internal proper- 
ties One branch of this is the theory of elasticity 
which is basic for stnictural engineering design 
Another branch is hydro and aerodynamics. Here 
a numbei of problems can be solved approximately 
by potential theory, but most of modern aerody- 
namn s rccpiires a moic physical appioach. Knowl- 
edge of the physical properties such as those given 
by the ecf nation of state of a gas is essential; these 
properties can be explained only on a molecular 


Sppddl relativity and quantum mechanics are 
fxdinples of the development of physical theory 
Wither of them has made classical mechanics 
wrong or obsolete, but they have extended classic al 
mcH hanics into domains which were outside the 
experience of man until 1900. When a physical 
law IS discovered, it can be expected to hold as 
long as the general conditions are not radically 
changed from those holding in the ex^ crimen ts 
from which the law was originally derived; foi ex- 
ample, classical mechanics holds for objects of not 
loo small size moving with moderate velocities In 
a completely new area (for example, where there 
IS very small size or very high speed ) it cannot be 
expected a priori that the same laws will continue 
to hold ; but if the laws do change under the new 
(onditions, this does not invalidate the old laws in 
the domain for which they were originally formu- 
lated, except for minor corrections. 

The most general theory of motion now known 
IS quantum field theory, which combines both quan- 
tum mechanics and relativity theoi> and at the 
same time embodies the observed fact that parti- 
ties can be created and annihilated. This 
rosy thus be called a “unified field theory. t- 
tempts have also been made toward other uni ca 
lion, in particular to unify the theories of two 
types of forces, gravitational and electromagne i - 
this is commonly called “unified field ^****' y , 

the literature. These attempts have so far not twn 
very eucceesf ul ; moreover, they leave out quan 


scale AcoiistKs is a dassical branch of continuum 
mechanus A combination of aerodynamics tfnd 
clct trod\nami( ^ is requited for the modern field of 
magnetohydrodynrmjcs. See Acoustics; Aerody- 
namics, Eiastkity; Fieio thi-ory, ct..assical; 
Hydrodynamics; Mac ni-tohydrodynamus; Po- 
tentials (physics). 

3 Heat presents a problem that can lie treated 
on a phenomenological level by thermodynamics, 
which IS the basis of heat engineering as well as of 
the theory of chemical equilibrium On the molec- 
ular Ic’.el, heat is described by statistical mechan- 
ics, whicli mav be consideied the physical founda- 
tion of thermodynamics Beyond this, statistical 
mechanics permits the calculation of the proper- 
ties of bulk substances (gases liquids, and solids) 
in terms of their atomic properties. See Hfat; 

STAnsiiCAL MKHANICS; THERMODYNAMIC PRIN- 

-JPLFS • o LJi- • 

4. Electrodynamics is well understood. Subdivi- 
sions are electrostatics; the theory of stationary 
currents (the basis of electrical generating ma- 
chinery) ; the theory of oscillating electrical cir- 
cuits (the basis of the technology of ordinary 
radio) ; the theory of electromagnetic waves, in- 
cluding their propagation in air as well as in wave 
guides and similar devices (the bwis of raddr) ; 
and finally the electromagnetic theory of light. 

Se^ELECTIlODYNAMlCS. 

5 Optics is customarily treated m a special 
although, strictly speaking, it U g branch of 
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|i«4^iitfei. Geometrical optics and the th^ry of 
;dtlSraolion phenomena are two of the principal 
topica. Emiaaion and absorption of light can be 
understood only on the basis of atomic physics. 
The same is true of dispersion, that is, the behav- 
ior of the refractive index as a function of fre- 
quency. See Optics. 

6. Atomic physics includes the theory of the 
structure of the atom; the motion of the electrons 
in the atom; the periodic system; the energy 
levels and spectral lines of atoms and molecules; 
the behavior of atoms and molecules in external 
fields; and collisions of atoms with each other, 
with electrons, and with other particles. Atomic 
physics is the basis of the calculation of properties 
of matter in bulk and of the emission and absorp- 
tion of light. Related is the theory of molecular 
structure which is the basis of theoretical chem- 
istry. Collisions between molecules explain the rate 
of chemical reactions. See Atomic physics; Mo- 


lecular PHYSICS. 

7. Nuclear and particle physics includes the 
theory of nuclear forces and of the structure of 
atomic nuclei. A complete theory would predict 
all energy levels of any nucleus, and thus the elec- 
tromagnetic radiations which can be emitted by 
the nucleus. The topic also includes the theory of 
nuclear reactions, which is the basis of the tech- 
nology of nuclear reactors. In an effort to under- 
stand the origin of nuclear forces, theoretical 
physicists have investigated the production and 
properties of mesons and the so-called strange 
particles. Radioactive decay, and particularly beta 
decay, is another branch of nuclear physics in- 
volving weak rather than strong nuclear forces. 
High-energy nuclear physics aims at understanding 
the properties of particles — nucleons as well as 
unstable particles of various kinds. See Elemen- 
tary particle; Mathematical physics; Nun far 
PHYSICS. [h.a.be] 


Theory, physical 

A physical theory usually involves the attempt to 
explain a certain clciss of physical phenomena by 
deducing them as necessary consequences of other 
phenomena regarded as more primitive and less in 
need of explanation. These more primitive phenom- 
ena may at the time the theory is formulated he 
undiscovered, so that part of the proof of the cor- 
rectness of the theory consists in demonstrating the 
existence of the unknown assumed primitive phe- 
nomena. A classic example is the kinetic theory of 
gases, in which the pressure of a gas is explained 
as arising from the kinetic reactions of colliding 
molecules, the reality of which was only established 
later by the discovery of phenomena such as the 
Brownian fluctuations. 

The value of a theory depends on both the suc- 
cess with which it coordinates a wide range of pres- 
ently known facts and its fertility in suggesting 
places to look for presently unknown new phenom- 
ena. [P.W.B.] 


Theralite 

A dark-colored, phaneritic (visibly crystalliae\ 
rock composed chiefly of pyroxene with mhll^ 
amounts of calcic plagioclase and nepheline. Id 
sense it is a nepheline-rich gabbro with abundant 
dark-colored (mafic) minerals. 

Plagioclase is usually labradorite, and the pyrox- 
ene is titaniferous augite. Biotite mica, hornblende 
or barkevikite, olivine, and sodalite may all be 
present in minor amounts. Nepheline is an essen- 
tial mineral; and as it diminishes somewhat in 
quantity, the rock may pass into essexite. A closely 
related rock is teschenite in which analcite proxies 
for nepheline. Accessory minerals include apatite 
magnetite, and ilmenite. 

Theralite is very uncommon and occurs chiefly in 
small intrusive bodies (dikes, sills, and laccoliths) 
where it appears to have formed by differentiation 
of magma (molten rock) rich in alkalies and po- 
tential mafic mineralip. It is associated with various 
types of gabbro, peridotite, and feldspathoidal 
rocks. It occurs in the Lugar sill in Ayrshire, Scot- 
land, associated with considerable teschenite, pic 
rite, and peridotite. See Gabbro; Igneous rocks 

*^C.A (A ] 

Therapsida 

The majority of advanced mamnial-like reptiles are 
grouped into the order Therapsida (subclass Syn 
apsida). Members of this group first appeared in 
mid-Permian times and persisted until the end of 
the Triassic. The group is highly ramified and in 
eludes several diverse lines of cartiivores and 
herbivores. Most were terrestrial, but one group 
was aquatic. Therapsids are best known from de 
posits ip South Africa but were world wide in dis- 
tribution, with representation in the records of all 
continents except Antarctica. .See Rfptilia fos- 
sils. 

The various evolving lines became intreasinglv 
mammalian through time. The most advanced tYpe** 
seem to have invaded uplands of the continental 
interiors. Among the therapsids appear to be the 
ancestors of mammals, which were derived either 
directly or through a synapsid group, Ictidosauria 
See Ictidosauria; Syn apsida. fE.rol 

Theria 

One of the four subclasses of the class Mammalia, 
including all living mammals except the mono- 
tremes. The Theria were by far the most successful 
of the several mammalian stocks that arose from 
the mammal-like reptiles in the Triassic. The sub- 
class is divided into three infraclasses: Pantotheria 
(no living survivors), Metatheria (marsupials)* 
and Eutheria (placentals). These were not strictly 
contemporaneous; the Pantotheria arose directly 
from mammal-like reptiles, and the Metatheria and 
Eutheria in turn arose from pantotheres during the 
Cretaceous, many millions of years later. Tberian 
mammals are characterized by the distinctive strut- 



• histiory o< the molar tooth. Tho {ossil record 
X)v»» ^ cKttemoVf varied ihctlaa ino\« 
jype„ veto derived itom a common tiiWphenic 
type Vo vfhich three main cnapa, arranged in a 
triangle on the upper molar, are opposed to a re- 
versed triangle and basinlike heel on the lower 
molar. See Mammalia. 

Thermal expansion 

Solids, liquids, and gasta all exhibit dimensional 
changes for changes in temperature while pressure 
is held constant. The molecular mechanisms at 
work and the methods of data presentation are 
quite different for the three cases and are there- 
fore discussed separately in this article. 

Expansion of solids. The temperature coefficient 
of linear expansion ai is defined by 


an. 

al!« vai«es of «, 

g Qinerenl axes, but aubalancea Vike alructural 
9 eel have many crystals randomly oriented and are 
almost free from thi'» effect. At certain iempera- 
ture«i (TYStalline substances may change in lattice 
arrangement, and a sudden change of volume will 
occui at constant temperature, making ai tnomen* 
tarily inhnily. iSec Iattick vibrations; Spf.( iFtc 
HKAr OF solids; THhRMOroiiPLE. Ij.D.L.] 

Expansion of gasos. So-called perfect gases fol- 
low the equation 


ai 


I \dt) 


p— const 


where I is the length of the specimen, t is the 
temperature, and p is the pressure. For each sulid 
there is a Debye characteristic temperature (-), 
behtw which ai is strongly dependent upon tem- 
perature and above which a/ is prartii ally constant 
Many common substances are near or above (-> 
at room temperature and follow the approximate 
equation 

/ = /o ( 1 + Of// ) 

wliPic /() the length at 0°C and t is the tempera- 
ture in ^C. The total change in length from absolute 
^ero to the melting point ranges arounJ 2^/c lor 
most substances. Typical room temperature values 
ol (vi are as follows: 


Substance 

Coefficient of linear 
expansion per °C 

V 10" 

Aluminum, commercial 

24 

Copper 

17 

Diamond 

1 

Glass, commercial 

11 

Glass, pyrex 

3 

(rranite 

8.3 

Ice 

50 

Iron 

12 

Invar alloy 

0.9 

Quartz, crystalline 

5 

Quartz, fused 

0.5 

Oak, along fiber 

5s 

Oak, across fiber 

54 

Rubber, hard 

80 

Linear, harmonic vibration 

of the atoms in a 
1 1 


pr 

T 


molecular weiglil 


where p .s absolute pressiiie, v is specific volume, 
T is ab'-olute teinpeiatuie, and /it is a constant. The 
magnitude of /it, the so-ralled gas constant, is 1544 
ft-ll) ( '^Hankinc) (pound-mole) in the English sys- 
tem, or 8.dl44 X 10" ergs ^ ( ®Kelvin) (gram-mole) 
in the metric system (.tee (Us constant). Real 
gases often follow this equation closely; for ex- 
ample, the following list shows values of R at 
atmospheric pressure and 0"C: 


Gas 

R 

Air 

1541 

Hydrogen 

154( 

Nitrogen 

154: 

Oxygen 

154^ 

Methane 

i‘;<u 

coefficient of cubic expansion 

ft. is defined 


by 


a « ' ^ 

V V dt / pwvoonst 

and for a perfect gas this is found to be \/T. 

The behavior of real gases is largely accounted 
for hy van der Waal’s equation 




RT 

V — b 


a 

75 


soiia cannot account lor cnangca m 
this must result from nonlinearity of the therm^ly 
excited vibration. The theory of E. Griincisen ^es 
this into account and shows the coefficient of ex- 
pansion to be proportional to the constant-volume 


where a and 6 are constant for a given gas When 
the specific volume is large, the effects of these 
constants are unimportant, and the real gas be- 
haves as a perfect gas. In the regions where a and 6 
have a dominant effect it is usually found desirable 
to use experimentally determined graphs or charts 
of properties. See Gas; Kinetic theory of mat- 
ter. 

Expansion of liquids. For liquids, n some- 
what a function of pressure but is largely deter- 
mined by temperature. Though Oo may often be 
taken as constant over a siseable range of tempera- 
ture (as in the liquid expansion thermometer), 
generally some variation must be atcoimted for. 
For example, water contracts whh temperature 



tise 6pom 0*C to 4^C, above which it expands at an 
inoreaailiB rale, as shown by the following data, 
whkdi were taken at atmospheric pressure: 


*, ‘C 

Volume expansion, nU/g 

-10 

1.00186 

0 

1.00013 

4 

1.00000 

10 

1.00027 

100 

1.007 


One approach to this variation is to evaluate the 
constants o, and y in the equation 

V » t;o(l + at + + ytO 

where vo is the volume at O^C, and v is the volume 
at temperature t. Typical values of the coefficients 
appear in the accompanying table. 


Coefficients of volume expansion of gases 


liquid 

ax 10> 

jSx io« 

7X 10* 

Ethyl alcohol (99 3% by vol- 




ume) 

1 012 

2 20 


500 aimoBphcies 

0 866 



3000 atinoapheroB 

0 524 



Carbon tetrachloride 

1 184 

0 899 

I 3.‘>l 

Mercury 

1 182 

0 0078 


Petroleum 

0 8994 

1 .396 


Water 

-0 06427 

8 3033 

-6 7900 


Thomial strossos. When a homogeneous body is 
subject to constant boundary loads and is raised 
uniformly in temperature, the stress pattern in it 
will not change unless its elastic properties change. 
In general, stresses will arise if (1) the body is 
made up of substances having different coeffic lents 
of expansion, (2) changes of boundary dimensions 
are restrained, or (3) temperature distribution is 
not uniform. A simple example of the first case is 
shown in the figure, where the aluminum bar, if 



Thermal tfretses would arise in the above body if it 
were subiected to heat. 

heated, would tend to expand faster than the iron 
bars, thereby putting the iron in tension and the 
aluminum in compression. Considering the alumi- 
num alone, its change of length would be re- 
straiped, and therefore stresses would arise in it. 


If the aluminum bar were replaced by an iron one 
and if this one alone were heated, again the other 
bars would be in tension and the center one Iq 
compression. More complex stress patterns may 
arise in continuous bodies; for example, if the bars 
were joined along the sides rather than at the ends, 
shear stresses would arise in the seams. In iron! 
360 Ib/in^ tensile stress would produce the same 
elongation as would a temperature rise of l^C. 

Since one source of temperature variation is the 
gradient necessary for heat transfer, thermal con- 
ductivity and heat capacity may both play a role in 
determining the stress pattern. See Thermal 
stress; see also Conduction (heat); Heat ca- 
pacity; Thermometer. [r.a.bu.] 

Thermal neutrons 

Neutrons whose energy distribution is identical 
with, or similar to, the thermal distribution of the 
material in which they are found. Other definitions 
of thermal neutrons (1 ) that part of the neutron 
spectrum which has a Maxwell-Boltzmann energy 
distribution corresponding to the environmental 
temperature, that is, the maximum Maxwell-Boltz 
mann distribution which can be subtracted from 
the total spectrum to yield a nonnegative le 
mainder; (2) all neutrons with energies less than 
0.4 ev, 01 the energy at which the cadmium ah 
sorption cross section becomes small The aver 
age energy of thermal neutrons at room tempera 
ture is about 0.025 ev. 

In some cases, the energy distribution of the 
neutrons is not in theimal equilibrium with the 
environment, but they are still calM thermal 
distributions of neutrons. Most neutrons are pio 
duced at energies above thermal, and the ahsorp 
tion of neutrons interrupts the process of slowing 
down sd^ that the low-energy neutron spectrum is 
“hardened” with a greater number of neutrons of 
higher energy than the Maxwellian distribution of 
energies predicts, and a “tail” of neutrons not >ct 
thermalized. The actual distribution can be fitted 
to one in which the spectrum is represented as a 
Maxwellian distribution of higher temperature 
than the environment, with the tail superposed, 
this fitting procedure is often useful in predicting 
leaction rates In this case, the altered Maxwellian 
IS used to define a thermal neutron spectrum. 

In a system of high leakage, with mean free 
path of neutrons constant, the spectrum is “colder” 
than that of the environment, if the same fitting 
procedure as described above is used. See Boltz- 
mann statistics; Fission, nuclear; Kinetic the- 
ory OF matter; Reactor physics. [b.i.s.1 

Thermal spring 

A spring with water temperature substantially 
above the average temperature of springs in the 
region in which it occurs. The average temperature 
of springs is ordinarily within a few degrees Fahr* 
enheit of the mean annual temperature of the at* 
mosphere. Thus, waters of thermal springs range In 





tempetatoM from as tow as 60“F, in an area where 
oonnal ground water has a tonperatare of 40-50°? 
to well above the boiling point. ' 

The two main conaideratione in the origin of 
thermal apringa are the aource of the water and the 
source of the heat. The water may be ordinary 
ground water that percolatea alowly downward, is 
heated by the eaith’a normal thermal gradient ( the 
temperature of the earth normally increases about 
1®F for each 50-100 ft of depth), and then returns 
to the surface without losing all the added heal. 
The water of thermal springs may be in part juv(> 
nile, a product of the crystallization or recrystalliza- 
tion of rock at depth. Juvenile water is virtually 
certain to become mixed with connate or meteoric 
water on its way to the surface, and there arc no 
thermal springs whose water can be demonstrated 
to be wholly juvenile. 

Investigations of Warm Springs, Georgia, and of 
other thermal waters in the eastern United States 
indicate that the water entered the aquifer bv nor- 
mal recharge from precipitation, percolated deep 
into the earth by reason of the geologic structure, 
and there received its heat before returning to the 
surface. On the other hand, the springs in Yellow- 
stone Park in Wyoming, Steamboat Springs in Ne- 
vada, and many other localities in the western 
United States may derive part of their water and 
much of their heat from bodies of superheated 
rotks, perhaps in the last stages of cooling from 
the molten state. Many of these latter described 
springs discharge water that is near the boiling 
point. 

The total average discharge of all the thermal 
spiings in the United Stales has been esiimated at 
700,000,000 gal /day, which is about the same as 
the discharge of Silver Springs in Florida. The con- 
tribution of thermal springs is, therefore, only a 
small fraction of the water discharged by all 
springs. [a.n.s.] 

Bibliography: G. A. Waring, Springs of Califor- 
nia^ USGS Water Supply Paper 338, 1915 

Thermal stress 

Mechanical stress induced in a body when some or 
all of its parts are not free to expand or contract 
because of changes in temperature In most con- 
tinuous bodies, thermal expansion or contraction 
cannot occur freely in all directions, and so stresses 
are produced. In addition, the external restraints 
on the body that prevent thermal expansion cr 
contraction also produce stresses in the body. These 
stresses, known as thermal stresses, can be cither a 
normal stress or a bending stress, or a cijmbination 
of both. 

StructUiWS subject to stress. Problems of ther- 
mal stress arise in the design of steam and gas 
turbines, diesel engines, jet engines, and rocket 
motors. The design of air-frames presents even 
more severe problems because of the temperature 
encountered. These problems are further compli- 
cated because of transient heating, nonsimplc 
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The thetml stress problem is no longer re- 
wicted to the classical case of finding the elastio 
tnermal stresses for a given temperature distribu- 
tion in a structure with no buckling. It touches on 
all phases of the structural design, including the 
temperature distribution, elastic and inelastic de- 
formation, allowable stresses for various materials 
and loading conditions, and the buckling, deflec- 
tion, stiffness, fatigue, shock, and aeroeiastic ef- 
fects of elevated temperatures. 

The method of attack for these problems is to set 
up the complete problem and then simplify it by 
making assumptions based on the physical situa- 
tion Of on experimental data. An analytical solu- 
tion is obtained for the approximate problem, 
which demonstrates the basic parameters in the 
problem and allows charts to be constructed, show- 
ing how the Stresses vary with these parameters. 
Refinements in the solution arc then made by 
in\estigating the simplifying assumptions and ob- 
taining correction factors. In most cases, this pro- 
cedure yields results with sufficient accurai'y for 
use in the design of the structure. 


Procedures at elevated temperatures. To de- 
sign for thermal stress in aircraft and ipissiles, it 
is necessary to know the expected mission pro- 
files or how the flight histories of speed, altitude, 
and angle of attack vary with time. From these 
predicted mission profiles for various vehicles, the 
worst combinations of applied, thermal, and allow- 
able stresses are selected to be used in the design. 

At elevated temperatures, the designer is faced 
with two factors which tend to increase the weight 
oi the structure. First, the strength and moduli of 
most materials are much less than at room tem- 
perature. Second, th« thermal stresses nday add to 
the applied stresses and may further reduce the 
torsional stiffness of a structure. To obtain the 
lightest possible structure, both of these problems 
must be considered For flights of short duration, 
insulation and radiation cooling may help keep the 
material temperature low and reduce the effects of 
thermal stresses. For longer flights, insulation plus 
( Doling can minimize the temperature. 

A mechanical design which allows sufficient de- 
flection for thermal expansion can relieve part of 
thermal stress. To maintain structural stiffness is 
not always simple. Expansion joints may be diffi- 
cult to design. Corrugated webs, ribs, and clip 
attachments may relieve some thermal stresses and 
still maintain stiffness. However, heavy spar caps 
or thick skin with integral stiffeners have high 
thermal stresses. One possible way to relieve ther- 
mal stress 18 to let ^e inelastic portion of the 
stress-strain curve provide the deflection to absenrb 
the thermal expansion. This ptocedore involves 
the concept of strain design rather than stress 
design, but it is possible in many cases to design 
for the applied loads without regard to thermal 



atiwseft, and then add the thermal strains without 
-obtaining appreciable permanent set. In other 
cases, a design which allows for some permanent 
set may be feasible. However, if the structure is ex- 
posed to numerous temperature cycles, thermal 
fatigue must be consider^ for such designs using 
inelastic stresses. 

Allowable stresses. Combined thermal and ap- 
plied stresses at elevated temperatures may be 
either in the elastic state or in the inelastic range 
for structural materials. If they are in the inelastic 
range, mechanical properties of the structural ma- 
terial must be determined for various tempera- 
tures. To design the structure to support the ap- 
plied and thermal stresses, it is also necessary to 
know the allowable stresses of the material under 
various loading and temperature conditions. A 
honeycomb-sandwich-structure design can increase 
the strength of a material at elevated temperature 
for a given weight. 

Creep, For most materials, creep rate increases 
substantially with temperature and stress. Ma- 
terials used in aircraft and missile structures creep 
at elevated temperatures so that the structure may 
have large deformations if the load is applied for 
long periods. To keep these deformations within 
permissible limits, it may be necessary to reduce 
the applied stresses on the structure. 

Thermal fatigue. At room temperature, fatigue 
limits the number of stress cycles a material can 
withstand before it ruptures. Thermal fatigue is 
caused by both the stress and the temperature 
cycles and can result in rupture and deformation 
arising from creep. When a structure is restrained, 
it is possible for sufficiently large temperatures to 
produce thermal stresses in the inelastic region of 
the stress-strain curve that exceed yield stress and 
result in plastic flow or rupture. 

Thermal shock. If a body is subjected to a steep 
transient temperature gradient so that large ther- 
mal stresses are induced, thermal shock is pro- 
duced. Such shock arises when a body at one uni- 
form temperature is suddenly accelerated to or 
decelerated from high supersonic or hypersonic 
speeds. A sudden change of angle of attack pro- 
duces the same effect, even when constant speed is 
maintained. Thermal stress can be either a normal 
stress or a bending stress, or a combination of 
both. In general, if the temperature distributions 
are symmetrical with respect to axes of symmetry 
in the symmetrical section, the thermal stress 
induced will not involve bending stresses. However, 
when the structure temperature is nonuniform, 
bending stresses may be induced by an unsym- 
metrical temperature distribution, by an unsym- 
metrical section, by different materials in the 
structure, or by variation of physical properties 
with respect to temperature. Brittle and ductile 
materials react differently to such thermal stresses. 
Because the thermal stress arises from the strain 
due to temperature expansion, brittle materials, 
which can endure little strain before rupture, may 


fail under the thermal shock. See AknoELASTicin* 
Spacecraft structure. [s y ^ -j 

Bibliography: R. L. Bisplinghoff, Some struc. 
tural and aeroelastic considerations of high-speed 
flight, /. Aeronaut. ScL, 23(4) :2B9-321, 19S6- 
B. E. Gatewood, Thermal Stresses^ 1957; N. J 
Hoff, Structure problems of future aircraft, 7. Roy] 
Aeronaut. 5oc., 55:678, 1951. 

Thermionic emission 

The emission of electrons into vacuum by a heated 
electronic conductor. In its broadest meaning, 
thermionic emission includes the emission of ions, 
but since this process is quite different from that 
normally understood by the term, it will not be dis- 
cussed here. Thermionic emitters are used as cath- 
odes in electron tubes and hence are of great tech- 
nical and scientific importance. Although in prin- 
ciple all conductors are thermionic emitters, only a 
few materials satisfy the requirements set by prac- 
tical applications. Of^e metals, tungsten is an im- 
portant practical thermionic emitter; in most 
electron tubes, however, the oxide-coated cathode 
is used to great advantage. For a detailed discus- 
sion of practical thermionic emitters see Vacut^m 
TUBE. 

Richardson equation. The thermionic emission 
of a certain material may be measured by using the 
material as the cathode in a vacuum tube and col- 
lecting the emitted electrons on a positive anode. 
If the anode is sufficiently positive relative to the 
cathode, space-charge (a concentration of elec- 
trons near the cathode) may be avoided and all 
electrons emitted are collected; one then measure'^ 
the saturation thermionic current. Actually, the 
emission current increases slightly with increasing 



Fig. 1. Richardson plot for tungsten. (After G. Herr- 
mann and S. Wagoner, The Oxide-Coated Cathode, 
vol 2, Chapman and Hail, 1951) 




field fttiengflci at the cathode, aad in order to oh 
tain the Uue saturation current one should extrap- 
olate to aero applied field (see Schottky eiflct). 
The emission current density / increases rapidly 
with increasing temperature; this is illustrated by 
the following approximate values for tungsten: 

T (®K) 1000 2000 2500 3000 

/ (amp/cm*) lO"* 0.3 15 

The temperature dependence of J is given by the 
Richardson (or Dushman- Richardson) equation 

J = 

Here ^4 is a constant; k is Boltzmann’s constant 
(« 1.38 X 10“^® joule/degree) and 0 is the work 
function of the emitter. The work function has the 
dimensions of energy and is of the order of a few 
electron volts for thermionic emitters. For a table 
of values for metals, see Work kinction ( elec- 
tronic). The temperature dependence of J is es- 
sentially determined by the exponential factor, 
since its temperature dependence predominates 
strongly over that of the factor T^. Both A and ^ 
may be obtained experimentally by plotting the 
logarithm of J/T^ versus l/T, as illustrated for 
tungsten in Fig 1. The Richardson formula can 
be derived for metals and semiconductors on the 
basis of relatively simple ph>bical models 
Metals. According to quantum theory the elec- 
trons in a free atom occupy a set of discrete en 
ergv levels. When atoms are brought together to 
form a solid, these energy le\els broaden into en- 
ergy bands; the broadening is a result oi the pei- 
turbing fields produced by neighboring atoms on 
the electrons and is most pronounced for the outer 
or valence electrons (^ee Band ihfory ov solids) 
In a metal, the perturbing influence on the valence 


electrons is so strong that they can no hmger be 
^ aMociated with particular atoms but must be con- 
" sidered as moving freely throughout the crystal. 
These s^calied free, or conduction, electrons are 
responsible for the high electrical and thermal 
conductivity of metals and also for the thermionic 
emission. See Free-electron theory of metals. 

The free electrons may be assumed to move in 
an approximately constant potential as indicated in 
Fig. 2 The bottom of the box corresponds to the 
energy of a conduction electron at rest in the 
metal ; the “vacuum” level represents the energy of 
an electron at rest in free space According to 
quantum mechanics, the elections in this model can 
assume only particular states of motion which cor- 
respond to a set of very clobely spaced energy lev- 
els The probability for a given slate to be occu- 
pied depends on the energy E of the state and on 
the absolute temperature T in atcordance with the 
so-called Fermi Dirac distribution function 

“ 1 + exp l{E-Lf)/kT\ 

The quantity Ep is called the Fermi energy; it is 
determined by the number of electrons per unit vol- 
ume in the metdl and is of the oidtr of a few elec- 
tron volts. Since kT at room temperature (F - 
300°K) IS only about 0 025 electron volt, j!e kT 
for all temperatures below the melting point of 
metals Note that for T *= 0, » 1 for E < Er, 

and F(E) = 0 for E > Ef. Hence, at absolute zero 
all energy levels up to Ep are occupied by elec- 
trons, whereas those aliove Ep are empty. For tem- 
peratures different from zero, some electrons have 
energies larger than Ejs and the thermionic emis- 
sion IS due to those electrons in the “tail” of the 
Fermi distribution for which the energy lies above 
the vacuum level in Fig. 2. Note that when E ■■ Ep, 
F(E) =0 5, that is, the Fermi energy corresponds 



Rq. 2. (a) Oeeupqtten of olwrtron 

bottom of th. conduction bond ond the Forml tov.1^ 

0 motol i. IndleotmJ for T - 0 by *adod omo. 


(b) Forml dWrlbofion function li roproiontod yehdmoti' 
colly for r » 0 and for 7 > 0. 


iMMw for whidi the probability of being 
ia equal to O.S« 

^ H^en thaae ideas are put in a quantitative form, 
quo arrives at the Richardson equation with the 
ipecific value A • 120 amp/cm^ (if one takes into 
Seoount reflection of electrons against the surface 
potential barrier, the theoretical value of A is 
< 120 amp/cm^). 

Experiments by M N. Nichols in 1940 and by 
G« F. Smith in 1954 on single crystals of tungsten 
have shown that experimental values for A and 
depend on the crystallographic plane from which 
the emission is measured; values for A (in amp/ 
cm^) and ^ (in electron volts) for two crystallo- 
graphic directions are given in the table. For poly- 



Nichols 

Smith 

Direction 




A 

* 

A 0 


(111) 

35 

4 39 

52 4 38 

(100) 

117 

4 56 

105 4 52 


crystalline metals, the experimental values for A 
and 0 are thus average values for the particular 
specimen. 

Semiconductors. For semiconductors, the ther- 
mionic emission is also due to the escape of elec- 
trons which have energies above the vacuum level. 
The theory leads to the Richardson formula, as it 
does for metals. The work function measures again 
the difference between the Fermi level of the semi- 
conductor and the vacuum level. [a.j.de.] 

Bibliography X S. Fluegge (ed.), Handbuch der 
Physikt vol. 21, 1956. 

Thermionic power generator 

A device in which heat energy is directly converted 
to electric energy, frequently called a thermionic 
converter, The free electrons of good electric con- 
ductors flow around suitably arranged conducting 
paths to create the infinity of useful applications of 
electricity. At normal temperatures the escape of 
these electrons from the conducting material can 
hardly be detected, but at higher temperatures 
(from 1000 to 2500®K) large numbers of electrons 
do escape from a heated conductor. This phe- 
nomenon is called thermionic emission of elec- 
trons. See Thermionic emission. 

Two metallic elements, an emitter and a col- 
lector, are the minimum needed for a thermionic 
converter. The thermionic electron emitter must be 
capable of yielding electrons to the space that 
separates the emitter from the electron collector. 
The collector must be operated at a significantly 
lower temperature than the emitter so that the 
collector does not also emit electrons. The general 
term that describes such a thermionic device is 
thermionic diode. 

Classification. If the space between the two 
elements of the diode is evacuated sufficiently so 
that the residua] gas has no signifiacant influence on 
the flow of electrons from the emitter to the col- 


lector, the device is known as a vacusbi thermio * 
converter. Electrons are negativety <cbarged ^ 
tides and thus repel each other. The presence i 
electrons in transit between the en^tter and th^ 
collector can, therefore, interfere ^riously with 
the free flow of additional charges and thus gm 
up a space-charge limitation on the cqrrent density 
and the efficiency attainable (see Space charge) 

Two methods are used to minimize the space, 
charge limitation. One depends on a diode con. 
struction with fantastically close 8pacing---of the 
order of 5 microns or approximately 0.0002 in. The 
second method is to introduce an ionized gas. The 
number density of the ions of the gas must be equal 
to or locally greater than the electron density in 
order to neutralize the negative space charge 
otherwise present. Since the ions used arc posi- 
tively charged, the net charge can be zero even 
though a high density of electrons is present to pro- 
vide the means of conduction from the emitter to 
the collector. The term plasma is applied to a 
medium in which the net electric charge is zero. A 
thermionic converter that depends on the presence 
of an ionized gas to give good conduction in the 
space between the emitter and the collector is 
known as a plasma thermionic converter. 

Emitter and collector properties. The maxi- 
mum possible current density in any diode depends 
on the temperature of the emitter and on the ease 
of electron removal. The work function of a sub- 
stance is a direct measure of the energy per elec- 
tron required for its removal. The emitter work 
function is defined as the energy difference between 
the Fermi level within the conducteg: and the 
potential energy of an electron at rest just outside 
the conductor. If current flows through any con 
doctor, the value of the current is generally di- 
rectly ^oportional to a measured voltage differ- 
ence at the ends of the conductor. This voltage 
difference is equal to the voltage displacement of 
the Fermi levels at each end of the conductor. In a 
thermionic converter under actual operating con- 
ditions, the Fermi level of the collector must there- 
fore be negative with respect to the Fermi level 
of the emitter for electric power to be delivered to 
an external circuit. The work function of the col- 
lector must be as small as possible in order to 
make the voltage available as large as possible. 
See Work FUNCTION (electronic). 

These points are illustrated in the accompanying 
diagram, known as a motive diagram, by which 
energy relations may be shown. The difference in 
potential between the Fermi level of the emitter 
and its surface potential is represented by the 
vertical arrow designated and is equal to the 
emitter work function. For illustrative purposes, 
the surface potential of the collector is set at the 
same energy value as that of the emitter, and the 
Fermi level is positive with respect to this point 
by the amount of ^ 2 , which is the work function of 
the collector. Thus, if ^2 is smaller than and 
the surface potentials under operating conditions 



are prai^cally equal, u output voltage desigoated 
by K wiU appear at the tcnniiials of the coavmw 
This voltage can be to drive current through 
ibe external load and, under the circumsUnis 
illustrated, this voltage is equal to the difference 
between the emitter work function and the col- 
lector work function. 


Two conditions of operation are illusUated, that 
of the vacuum-type converter and that of the more 
favorable plasma converter. In the plasma con- 



Motive diagram of vacuum and plasma thermionic 
converters. 


verier the current transported across the spare 
between the emitter and the collector could be 
nearly equal to the maximum possible lurrent 
density J available at the emitter and given bv the 
following equation: 

J = 120r,^ amp/cnr (1) 

where Ti is the temperature of the emitter in de- 
grees Kelvin, <f>\ is the work function, q is the 
charge on the electron, and k is Boltzmann's 
constant. If space charge is pres, ni, as in the 
vacuum diode, then the energy difference repre- 
sented by 0,ri must be used in place of in Eq. 
(1 ) to determine the maximum current that w.ll be 
available as the output current of the converter. 
In the plasma converter there is no inhibiting 
action, and a current may approach the full emitter 
current available. This is important because the 
product of the current and the output voltage is 
the power delivered to the external circuit by the 
converter. 

Inspection of Eq. (1) shows that the ratio 
(^i/fi) must be as small as is practical in order 
to have a high current density. In order not to 
sacrifice output voltage, this desirable result can 
best be obtained by having as high a temperature 
as is possible. Refractory materials such as tung- 
sten, molybdenum, and tantalum can be operated 
at high temperatures. All of these metals have re- 
latively high work-function values unless tile emit- 
ter surface is partially covered by an clcctroposi- 


tive metal, such as cesium. The oeaium plasma 
d^rr^ promise of being an efficient 

In the temperature range of 55(M50% the 
vapor pressure of cesium changes from 1 to 10 
mm of mercury. Associated with a thermionic con- 
verter. a cesium reservoir maintained within this 
range of temperature can supply enough cesium 
to an emitter surface so that even the refractory 
materials will have work functions as low as 3 cv. 
Cesium ions are produced at the heated emitter 
surface in sufficient quantity to neutralize the elec- 
tron space charge and give a motive function 
qualitatively represented by that for the plasma 
converter of the illustration. The adsorption of 
cesium on the colder collector surface serves to 
lower its work function to a value of about 1.8, or 
even less under well-controlled conditions. 

Since a low-work-function collector is necessary 
for an efficient thermionic converter, a correspond- 
ingly low temperature must be maintained at the 
collector to stop the back emission of elei'lrons, 
which would produce a reduction in current. A 
formula that serves to give a satisfactory estimate 
of the collector temperature Ti needed to limit 
back current lo less than 2% of the forward cur- 
rent is 


^Vi + 2.6X i(r«f, 

where is the work function of the collector. 

State of development. Although many engi- 
neering details remain to be worked out, it is an- 
ticipated that a high-temperature plasma converter 
will he capable of delivering to an external circuit 
power corresponding to a density at the emitter of 
not less than 10 watts/cm^ and probably not 
greater than 40 watts/cm*^. This operation will be 
done at an efiniency of approximately 20%, meas- 
ured in terms of the heat actually delivered to the 
emitter structure. This heat may be obtained in 
space vehicles from the sun’s radiation received on 
a reflector and a suitably designed concentrator. 
Since applications of this type are so important, 
research and development related to the direct 
conversion of heat to electricity by thermionic 
converters is well warranted. [w.b.n.] 

Bibliography: J. Kaye and J. A. Welsh (eds.), 
Direct Conversion of Heat to Electricity ^ 1960; 
N. W Snyder, Energy Conversion for Space Pouter^ 
in M. Summerficld (cd.). Progress in Astronautics 
and Rocketry, vol. 3, 1961. 

Thermionic tube 

An electron tube that relies upon thermally emitted 
electrons from a heated cathode for tube* current 
Thermionic emission of electrons means emission 
by heat In practical form an electrode, called the 
cathode, is heated until it emiu electrons. The 
cathode may be either a directbjiealed filament or 
an indirectly heated surface, with a filamenttury 



oiAh6de» healing current is passed directly through 
the wire, which either emits electrons directly or is 
covered with a material that readily emits elec- 
trons, Some typical filament structures are shown 
in Fig* 1. See Thermionic emission. 




Fig. 2. Indirectly heated cathodes. 

Indirectly heated cathodes commonly have the 
forms shown in Fig. 2. In these cathodes a filament, 
located within the cathode electrode, carries the 
heating current. This form is most commonly used 
when the cathodes are coated with barium and 
strontium oxide. An indirectly heated cathode is 
often referred to as an eqiiipotential cathode, in- 
dicating that there is no voltage drop along the 
emission surface as with directly heated cathodes. 

The majority of all vacuum tubes are thermionic 
tubes. To obtain appreciable flow of electrons it is 
necessary to have an emitter that produces a stable 
supply in copious quantities. It is possible to make 
some so-called cold-cathode tubes, but the current 
is generally not as stable as with thermionic cath- 
odes. See Electron tube; Vacuum tube, [k.r.s.] 

Thermistor 

A resistive circuit component, having a high nega- 
tive temperature coefficient of resistance (as tem- 
perature increases, resistance decreases). See Re- 
sistivity, ELECTRICAL. 

The typical thermistor is a stable, compact, and 
rugged two-terminal ceramiclike semiconductor 
bead, rod, or disk. Thermistors are made of various 
mixtures of oxides of manganese, nickel, cobalt, 
copper, uranium, iron, zinc, titanium, and magne- 
sium. The temperature coefficient is determined by 
the proportions of oxides in the mixture. 


In bead tbermistora, the oxide mixtitre is applied 
to two parallel platinum wires (0.001-O.00S in. in 
diameter) as a viscous droplet (0.006-0,060 in. in 
diameter). Upon firing, the ceramic bead cements 
the wires which become the leads. The wire diam- 
eter, bead size, mixture, and wire spacing deter- 
mine the device characteristics. Bead thermistors 
have little mass and a short time constant. 

In disk and washer thermistors, an oxide-binder 
mixture is pressed and sintered. The disk type is 
0.200-0.600 in. in diameter and 0.040-0.500 in. 
thick. The washer type may be as large as 0.750 in. 
in diameter and 0.500 in. thick. The major surfaces 
are coated with a conducting material and leads 
attached. The thin, large-diameter disks have low 
resistance, short time constant and high power dis- 
sipation. Thick, small-diameter units have high re- 
sistance, long time constant and low power dis- 
sipation. 

Rod-type thermistors are extruded as long, slim 
rods (0.250-2.0 in. lon|||^and 0.050-0.110 in. in di- 
ameter) of oxide- binder mix and are sintered. The 
ends are coated with conducting paste and leads 
are wrapped on the coated area. The rod type has 
high resistance, long time constant and moderate 
power dissipation. 

Characteristics. Thermistors are characterized 
by size, shape, temperature coefficient, and resist- 
ance. The dissipation constant is the power dissi- 
pated divided by the temperature rise above ambi- 
ent, Power sensitivity is the watts dissipation re- 
quired to reduce resistance 1%. Time constant is 
the time required for the device temperature to fall 
63% toward ambient. ♦ 

Temperature-resistance characteristic. One typi- 
cal thermistor mix of oxides of manganese and 
nickel has a temperature coefficient of resistance 
of —4.4%/ per ®C at 25®C. For comparison, the 
coefficient of copper is -fO.39% per ®C. From 
“100®C to -|-400°C, resistance will change 10,- 
000,000:1 as shown by curve 1 of the illustration. 

Another typical thermistor mix comprising 
oxides of manganese, nickel, and cobalt has a co- 
efficient of —3.9% per °C at 25®C (see curve 2 of 
the illustration). 

Voltage-current characteristic. This characteris- 
tic of a thermistor is a function of its dissipation 
constant. With a small current flowing, voltage 
drop will follow Ohm’s law. As power is dissipated, 
device temperature rises, resistance lowers, and 
voltage drop is correspondingly reduced. With fur- 
ther increase in current (and allowing thermal 
equilibrium to be reached at each step) tempera- 
ture rises and resistance decreases. The voltage 
drop increases, but is less than it would have been 
had the resistance stayed constant. At some value 
of current, the voltage reaches a maximum. At 
higher values of current, temperature rises but 
voltage drop decreases. In this region, the thermis* 
tor has negative resistance. 

Typical applications of thermistors. Thermistors 
are versatile circuit elements and have many ap- 
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Specific resistance versus temperature for manganese- cobalt thermistor mix (curve 2) compared with a metal* 
nickel thermistor mix (curve 1) and manganese-nickel- 


plications in measurement and control. Some typi- 
cal, important applications of thermistors are dis- 
cussed below. 

Temperature measurement. The thermistors 
large temperature coefficient of resistance is ideal 
for temperature measurement. In this application, 
the power dissipated must be so small that it does 
not heat the device. . " 

Precise temperature measurement is done with 
high-resistance thermistors in a resistance bridge. 
Sensitivity of 0.0005*^0 is readily attained. Lead 
resistance has no effect. Compensating leads and 
cold junctions are unnecessary. Bead thermistors 
are built into equipment at locations where tem- 
perature is to be measured (gew housings, bear- 
ings, cylinder heads, transformer cores) and a re- 


sistance bridge measures the temperatures at a re- 
mote station. See TFMPFRArijRE mfasuremfnt; 
Thermometer. 

Temperature compensation. Many electrical and 
electronic components have positive temperature 
coefficients which are detrimental to the tempera- 
ture stability of the circuit. A properly-selected 
thermistor in the circuit containing such a com- 
ponent will provide temperature compensation. 

Flowmeter^ vacuum gage, anemometer. A 
small voltage is applied and the current through 
the thermistor is measured. The amount of heat 
dissipated is a function of the degree of vacuum 
surrounding the device or the velocity of gas pass- 
ing the device, and the dissipated power reaches a 
consUnt value. The measured current is calibrated 
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fai tahni of vtatum or gas flow. See Anemometer; 

Ftto^ MEASiniEMENT; VACUUM MEASUREMENT. 

Time delay. When a thermistor is self*heated as 
a result of current passing through iu its resist- 
ance decreases. Due to the thermal mass, the time- 
rate of decrease is fixed. The delayed build-up of 
drcuit current can be used to introduce a fixed 
lime delay between relay operations or to protect 
equipment during start-up. 

Power measurement^ bolometer. The thermistor’s 
resistance versus power characteristic makes it a 
useful power-measuring device. Microwave power 
is measured by a bead thermistor mounted in the 
waveguide and biased so that bead impedance 
matches the cavity. When radio-frequency power 
is applied, the bead is heated by absorbed power. 
The bias current is reduced so that the thermistor 
remains at the same operating temperature. The 
decrease in bias power is just equal to the radio- 
frequency power absorbed. The thermistor also can 
be used to measure radiant power, such as infrared 
or visible light. See Electric power measure- 
ment. 

Other applications. Thermistors are used as volt- 
age regulators and volume limiters in communica- 
tion circuits. A shunt voltage regulator is {irovided 
by shunting the circuit with a suitably chosen value 
of resistance in series with a thermistor. Networks 
of resistors and thermistors are used as compres- 
sors, expanders aad limiters in transmission cir- 
cuits. [f.h.b.] 

Bibliography: J. A. Becker, C. B. Green, C. L. 
Pearson, Properties and uses of thermistors - 
thermally sensitive resistors, Trans. AIEE, 6S:711- 
725, 1946; Victory Engineering Corp., Thermistors 
Data Book. 

Thermoanalysis 

A group of techniques for continuously measuring 
the effects attending chemical or physical changes 
caused by various processes that occur in a single 
or multicomponent system as the temperature is 
varied at a selected heating rate. A linearly in- 
creasing temperature cvcle of 5-1 5”C per minute 
is commonly used, and the measurements are con- 
ducted in an environment of air or other static or 
dynamically controlled atmosphere at elevated, 
ambient, or reduced pressures. The resulting ther- 
mograms describe the system uniquely in terms of 
the heat effects, changes in weight, volume of gas 
evolved or absorbed, or one of many other char- 
acteristic changes in physicochemical properties 
and reactions that occur as functions of tempera- 
ture. The principal thermoanalytical methods are 
thermogravimetry (TC) and differential thermal 
analysis (DTA). Instrumentation required for 
these complementary techniques includes the sam- 
ple holder contained in a furnace equipped with 
a temperature programmer, and a means for con- 
verting the physicochemical property being meas- 
ured into an electrical signal that can be measured 
as a function of the temperature, or of time, con- 


currently with the sample, fumaee, or reference 
temperature. 

It is the combination of temperature ranges over 
which the relative changes in weight, heat content 
or other physicochemical properties take place 
and the rates at which they occur that uniquely 
represent the system. Measurements of the tem- 
perature ranges and rates provide experimental 
data that can be used for the development of an- 
alytical research and control procedures as well as 
for other physicochemical investigative purposes. 
The intrinsic value of these techniques lies in the 
interrelationship between the thermodynamic and 
chemical kinetic parameters associated with the 
relative thermal stability of chemical and physical 
bonds formed or disrupted. These bonds are 
formed or disrupted when the heated substance 
undergoes changes in state, adsorption, desorption 
or absorption, corrosion, addition reactions, or 
decomposition. 

Thermogravimetry. ^This method involves meas- 
uring the changes in weight of a substance as it is 
heated to elevated temperatures. The thermobal- 
ance required for this thermoanalytical technique 
consists of a precision balance and furnace that 
have been adapted for continuously measuring or 
recording changes in weight as a function of tem- 
perature. An automatic recording vacuum thermo- 
balance is shown in Fig. 1. Many types of ph>sico- 
chemical reactions that involve either a gain or a 
loss in weight may be studied bv this method. 
Rates of reaction and energies of activation lor 
vaporization, sublimation, and chemical reaction 
can be obtained in addition to changes m weight. 
Those characterized by a gain in weight include 
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Fig 2. Thermoanalytical curves for calcium nitrote 
tetrahydrate, Ca(N0^)o-4H20. (a) Thermogravimetric 
onalysis. (b) Derivative thermogravimetry, (c) Differen- 
tial thermal analysis. 

adsorption and absorption of gases or vapors, corro- 
sion in inorganic or organic oxidizing atmospheres, 
and direct combination with gaseous reactants A 
loss in weight results from the desorption of gases 
or vapors, vaporization of liquids, sublimation of 
solids, dehydration, desolvation, the gas-evolving 
decomposition of inorganic or organic substances, 
and the degradation of polymeric romplexes. 

Applications of thermogravimetric analysis 
(TGA) have been concerned primarily with estab- 
lishing the temperature ranges required fgr the 
proper drying or pyrolysis of the inoiga'nic, or- 
ganic, and metalloorganic compounds used as stoi- 
chiometric precipitates in gravimetric analysis. 
Mixtures of hydrated materials are amenable to 
this type of analysis because of the thermodynamic 
equilibrium conditions associated with the step- 
wise stages of dehydration that occur as the tem- 
perature is raised. More important, this ana ytica 
method provides data that often can be used to 
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establish quantiutively the high-temperacitfe ue- 
actions and thermal stabilities of solid or liqidd 
Isubstances, identify intermediate reaction prod- 
ucts, reveal the sequence of reactions that accom- 
pany the various reactions (decomposition or deg- 
radation), and ultimately reveal the kinetics of 
these reactions, from which reaction mechanisms 
may be deduced. A typical thermogravimetric 
curve is shown in Fig. 2a. 

Differential thermal analysis. This is an experi- 
mental method derived from thermal analysis which 
involves measuring the temperature difference be- 
tween a substance and a thermally inert reference 
compound (commonly aluminum oxide) as they 
are simultanecualy heated to elevated temperatures 
at a predetermined rate. Series-connected thermo- 
couples or thermistors (Fig. 3) are used to detect 
the temperature differences that occur as the sam- 
ple undergoes enthalpic changes caused by chemi- 
cal and physical reactions; these are manifested 
by the absorption or evolution of heat. Because the 
sample tempeiature lags behind that of the inert 
reference material during endothermal processes, 
and exceeds it when exothermal reactions occur, 
the DTA curves, which are plotted as functions of 
increasing temperature, consist of bunds and peaks 
coriesponding to the charactei istic physicochemi- 
I al reactions of the substance. Endolhetms are 
plotted downward as illustrated by the DTA curve 
for cab luin nitrate tetruhydrate (Fig. 2c) 

Among the endothermal physical reactions that 
may be detected arc crvstulline transitions (both 
first- and second-order), fusion, va[K)rization or 
sublimation, and desorption. Those of a chemical 

difFerontial temperatura 



Rg. 3. Schematic dkagram illoitratlng the pitficipiti 
of the opporofut for dffferentiol therifiol onolyiii. 
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tMaxt include dehydration, dcsolvation, thermal 
decompoftition, some metatheses, and many solid- 
etale reactions. Exothermal phenomena include 
certain crystalline transitions, solidification, ad- 
sorption and absorption, hydration, corrosion, di- 
rect reaction of solids or liquids with gaseous 
oxidants, certain metatheses, and some solid-state 
reactions. 

Analytical applications of this technique include 
the identification and characterization of many 
types of materials: metals, alloys, minerals, in- 
organic and organic compounds, and synthetic as 
well as naturally occurring polymeric systems. 
This is based upon the uniqueness of their respec- 
tive DTA curves, that is, the composite of tem- 
peratures and rales at which various reactions oc- 
cur, the number and sequential appearance of both 
discrete and overlapping bands and peaks, as well 
as their relative magnitudes and areas. These areas 
are determined by many parameters, the principal 
ones being the relative thermal effects involved, 
that is, the amount of heat associated with the 
processes detected, the size, granulation, and form 
of the sample, heating rate, use of either a static 
or dynamically controlled atmosphere, geometry 
of the apparatus, and the sensitivity of the meas- 
uring and recording system. The amount of a given 
material in a mixture can be estimated quantita- 
tively from the height of a peak or band, the rela- 
tive area under a given band, or the slope of the 
DTA band which is formed at a relatively constant 
temperature during crystalline transition or fusion. 
This procedure requires the calibration of the sys- 
tem for the given experimental conditions. 

Differential enthalpic analysis. This method is 
used to evaluate the changes in heat content whi<h 
are continuously detected in the sample bv DTA 
and internally ('ompensated for by electrical heat- 
ing of either the substance or the inert leference 
compound, each of which is mixed with an elec- 
trically conductive powder such as carbon \ quan- 
titative measure of the particular enthalpic proc 
ess is the electrical power leqnired to maintain the 
system in a state of thermal equilibrium during the 
chemical oi physical reaction. 

Related thermoanalytical techniques involve 
measuring the volume or pressure of gas evolved or 
absorbed, under conditions of constant pressure or 
volume, respectively ; changes in electrical conduc- 
tivity, length, or specific volume of the substance: 
or the continuous variation in any other chemical 
or physical property as a function of temperature. 
The value of these types of measurements is greath 
enhanced when derivative thermoanalytical tech- 
niques are employed. Electronic or mechanical 
means, as well as the simultaneous analysis of two 
identical samples which are maintained at a 
slightly different temperature, may be used to ob- 
tain curves which are the calculus-type derivative 
of the primary curve, that is, the rate of change 
of the property such as weight (DTG) (Fig. 26) 
or temperature difference (DDTA), recorded as a 
function of temperature or of time. Phase dia- 


grams, which are analogous to cooling curves ca 
be derived from DTA curves plotted as a function 
of decreasing temperature. For a discussion of the 
application of adiabatic temperature difference 
measurements to volumetric analysis, see Titra- 
TioN. See also Equilibrium, phase; Thermal ex- 
pansion; Transition point. ^ 

Bibliography \ C. Duval, Inorganic Thermograti. 
metric Analysis, 1953; W. J. Smothers, Differential 
Thermal Analysis, 1957. 

Thermochemistry 

A branch of physical chemistry dealing with the 
heat effects which accompany chemical reactions, 
the formation of solutions, and changes in the 
physical state of substances, such as the fusion of a 
crystalline solid or the vaporization of a liquid 
When these processes evolve heat, they are said to 
be exothermic. Conversely, those absorbing heat 
are endothermic. A knowledge of the magnitudes 
of such heat effects isvof practical value to the en- 
gineer in solving problems of heating and refriger- 
ation and in controlling chemical reactions at suit 
able temperatures. Such data are also of great the- 
oietiral importance to the scientist who wishes to 
calculate the chemical affinity or free energy for 
various reactions, hypothetical or real. See Fnrt 
IN^RGY; Thermodynamics (chemical). 

These heal effects are usually measured in calo- 
ries. partly for historical reasons and parth be- 
cause the figures thereby obtained are of more con- 
venient magnitude than when the joule, the 
fundamental unit of energy, is emploved^The pre^ 
ent-day calorie is arbitrarily defined as being equal 
to 4.184 absolute joules, rather than in terms of the 
heat capacity of water, which varies with tempera- 
ture. 

Fundamental concepts. The principle of (Onser 
vat ion of energy serves as the basis for the funda- 
mental concepts of thermochemistry. Thus, foi a 
chemic al system undergoing some change, the in- 
crease in its internal energy is related to the 
heat q absorbed by the system from its surround- 
ings and the work w done by the system on these 
surroundings by the equation 

Ai? = q — w 

In practice, a negative value for any of these quan- 
tities is common and simply denotes a decrease in 
the energy content of the system, or evolution of 
heat, or work done upon the system, as the ca<*< 
may be. If the change under consideration takes 
place at a constant temperature and also at con- 
stant volume so that w has zero value, AE * Q 
may be termed the heat of reaction at constant 
volume. 

The chemist and engineer, however, are often in- 
terested in processes which take place at constant 
pressure, frequently 1 atm. In this case, tv will he 
equal to the change in volume AV in such a proc- 
ess multiplied by this pressure P, provided no other 
work is done by, or on, the system. Then the 
ceding equation may be rearranged to yieW 



^ + p AK - fl. It is now convenient to introdur/> 

, aew function, enthalpy, which is defined as 
gmE + PV, and accordingly here Aff - g. Thus 
the change in enthalpy measures the heat effect ui 
a process at constant temperature and pressure 
Because these are the conditions most frequently 
encountered in practice, Aff is a more generally 
useful value than AE in a reaction. Of course, since 
they differ simply by the P AF term, either can be 
computed from the other. 

Exp6rimental results. Many experimental de- 
terminations of these heat effects (that is, and 
SH values) in chemical reactions and other trans- 
formations have been made by various calorimetric 
methods during the past 100 years. Most of the re- 
sults of the measurements by the pioneers, such 
J. Thomsen and M. P. E. Berthelot, involved con- 
siderable uncertainties be<*ause generally their 
chemicals were impure^ and their apparatus often 
was crude. Since 1930, however, there has been a 
notable renascence in thermuchemic al studies. It 
has been characterized by the use of extremel> 
puie chemical substances and great improvements 
in calorimetric equipment and procedures. Conse- 
quently, present-day medsurements of the heats of 
combustion of organic compounds, for instance, 
usually involve uncertainties under 01^^ and in 
Mime cases, under 0.02^^ . The studies of F D Ros- 
sini and collahordtors at the National Bureau of 
Standards aie outstanding examples of such highlv 
arc urate work. See Cai orim f try 
In certain cases, it is also possible to evaluate 
Af/ for a process by indirect, noncalorim»>lrit 
methods. Thus, some reatlions. especially in the 
field of inoi ganic t hemistry can be effected in con- 
nection with reversible galvanic cells. From a care- 
ful measurement of the electromotive force in such 
cases at several different temperatures, the AH 
value can be calculated by the Gibbs-Helmholt/ 
equation. For a numbei of reac lions, extremely ac- 
curate data have been obtained by this netliod. 
likewise, a measurement of the equilibrium con- 
stants for a reaction at two or more different tem- 
peratures can be used to deduce a moderately 
accurate value, sometimes at fairly elevated tem- 
peratuies, by calculation with the van't Hoff equa- 
tion. Similarly, many heats of vaporization have 
been derived indirectly from vapor pressure meas- 
urements and the Clausius-Clapeyron equation 
See Vapor pressure. 

These heat effects arc frequently recorded in a 
shorthand fashion by writing a chemical equation 
for the process involved and the corresponcliRg A£ 
or AH value, depending on whether the process oc- 
curs at constant volume or constant pressure. 1 hus, 
the equation for the reaction between gaseous hy- 
drogen and oxygen to produce a gram-mole of liq- 
uid water at 25*^C (298"K) is 

H2(g) + H02(g)^fi^(D 

AH 298 - -68,317 db 10 cal 

Here the abbreviations in parentheses indicate that 
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f aftw Alf repre. 

wnts the absolute temperature for the reactioB and 
the degree symbol indicates that each substance in- 
volved 1 , under the standard pressure of 1 atm. The 
negauve value for this AH indicates that heat i. 
evoiv^. The uncertainty in this result is only 10 
cal, because this determination was made with ex- 
treme accuracy at the U.S. National Bureau of 
Standards. Because it applies to the process of 
forming a compound from its elements, this quan^^ 
til> is the standard heat of formation. 

Similarly, a few additional thermochemical 
equations for typical combustion reactions can be 
shown : 


C(graphile) -f (:02(gr) 

A//298 - -94,052 ± II ral 
C(didinond) 4- () 2 (g:) ^ 

- 9 1,305 4: 23 cal 

A//J 9 R « - 67.6,36 Jb 29 f al 
clUig) f 2()2(^) ->2H2()(/) f (:()2(^) 

AHm « -212,798 ± 72 ral 
CHil)H(/) 4- ->2H20(/) 4 C()2U 

Ay/Js8- -173,670 4: 50 tdl 

The first two equations involve the production of 
carbon dioxide from grapliiU and diamohd, re- 
spettive4> It is interesting to note that these two 
(.rvstalline forms «»f < arhon have apiireeiable dif- 
feremes in their (oinbiistion values Because the 
end product for each (omhustion is the same, this 
means that the enthalp> content of diamond is 453 
cal higher j>er gram-atom than that of graphite. 
For practical purposes, graphite is usually taken 
as the standard form of this element The AH val- 
ues for the combustion of carbon monoxide, meth- 
ane, and methanol are data of great industrial im- 
portance which were quite uncertain for many 
>ears 

Law of Hess. It is frequently desirable to calcu- 
late the heat effect in a particular reaction for 
which a direct experimental determination is not 
available'. The thermoehemist then has recourse to 
the law of Hess. Thi* is essentially a corollary of 
the principle of conservation of energy, although it 
was discovered a few years earlier, in 1840, by di- 
rect experimentation. According to this law, the 
net heat effect or change in enthalpy in taking a 
chemical system from a state A to a stale B must 
tr the same regardless of whether the path be- 
tween these two states is traversed directly in one 
step or in a roundabout fashion by two or more 
steps, 

Thus, the law of Hess permits the combination 
of chemical equations and the corresponding AH* 
values to arrive at the AH value for the desired re- 
action. This may now be illustrated by a computa* 
tion of the heat of formation of methane from its 
elements The preceding combustion va]oes can be 
used. Here, however, the equation for the combus- 
tion of methane must be written backward, also re- 
versing the AH sign.* - 



Tii fi ndc ht i n itliy 

2HfO(/) + COiig) 20i(g) + auig) 

AH 898 - 212J98=b72cal 

C(graphite) + 02 (g) C02(g) 

-94,052 rb 11 cat 

2H2(g) + 02 (g) ->2H20(/) 

A^»8- -136,634 =b 20 cal 

Algebraic addition of these thermochemical equa- 
tions yields 

C(graphite) + 2H2(g) -► CH 4 (g) 

Affws- - 17,888 =b 75 cal 

The uncertainty in this final AH value has been 
computed by probability methods from the uncer- 
tainties in the contributing data. 

Similar calculations may be made for many 
compounds where it is impractical, or even impos- 
sible, to make a direct calorimetric evaluation of 
the heats of formation. All such calculations deal 
with the changes in enthalpy accompanying 
changes in chemical composition or physical state. 
The absolute values of the enthalpies of the ele- 
ments or of the resulting compound are not known ; 
such knowledge is not really essential for the prac- 
tical purposes of the scientist or engineer. It is 
merely the enthalpy difference that is important. 
Accordingly, the enthalpy of each element is arbi- 
trarily assigned a zero value in a standard lefer- 
ence slate at all temperatures. This reference state 
is usually the most stable form of the element at 
room temperature and atmospheric pressure. Thus, 
carbon is taken as )9-graphite, sulfur as the ihom- 
bic crystalline form, and the three elements, hydro- 
gen, oxygen, and nitrogen, in the form of diatomic 
gas at 1 atm pressure. With this convention, exten- 
sive tables of AH^ values for the formation of vari- 
ous substances, usually at 25*^C and 1 atm, have 
been developed. Noteworthy among such compila- 
tions are the tables of Selected Values issued by 
the National Bureau of Standards and the Ameri- 
can Petroleum Institute. 

From these tables of data, the AH°^g value*? may 
now be derived for numerous reactions, some of 
which are purely hypothetical. One needs only to 
subtract the enthalpy values for the initial materi- 
als from the corresponding value of the reaction 
product. Thus, for an important reaction for the 
production of ethyl alcohol from ethylene and wa- 
ter, one finds 

C2H4(g) -f HaOf/) 

(12,496) (-68,317) (-66,356) 

A//w 8- -10,535 cal 

by subtracting the enthalpies of formation of ethyl- 
ene and water from that for the alcohol. These con- 
tributing values are here placed directly below the 
respective compounds in the chemical equation. 

Effects of temperature and pressure. Up to this 
point, only the heat effects in processes at 25 
have been considered. This temperature has be- 
come a standard for the recording of thermal data. 
However, in practice many chemical reactions are 


carried out at different temperatorest' often much 
higher. The scientist and engineer, therefore, may 
wish to know the value for this second tem- 
perature r 2 in a case where he has the correspond- 
ing value for Tu which is frequently 298®K. For 
this problem, KirchhofiTs law may be Utilized. This 
law dates from 1858 and can be considered as a 
corollary of the principle of conservation of en- 
ergy. It may be stated in equation form 

AHt, - AHti + fj* ACp dT 

where ACp represents the difference between the 
heat capacities at constant pressure of the prod- 
ucts and initial substances in the reaction. The use 
of this equation obviously requires adequate heat 
capacity data over the temperature range involved 
and a knowledge of the enthalpy change at one 
temperature. In practice, the AH^ values for many 
processes vary considerably with temperature. Fnr 
example, in the case of the formation of methane 
from its elements, ** “"21,430 cal, compared 
with Afljgg = —17,888 cal as previously cited. 

Pressure changes also have some influence on the 
heat effects in chemical reactions. In general, this 
influence is quite small at ordinary pressures, par- 
ticularly when only liquids or solids are concerned. 
However, it can be of considerable importance in 
certain gas-phase reactions, such as the ammonia 
synthesis, where pressures of hundreds of atmos 
pheres may be used and the substances then ex- 
hibit considerable deviations from ideal gas be- 
havior. Suitable thermodynamic equations can be 
utilized for estimating such changes in enthalpy 
with pressure. 

Changes in physical state. So far. the discussion 
of heat effects has been concerned entirely with 
chemical reactions. However, changes in physical 
state, suen as the vaporization of a liquid or the 
fusion of a crystalline solid, may be treated in es- 
sentially similar fashion. Thus, for the process of 
converting a gram-mole of methanol from the liq- 
uid to the gas as a result of a calorimetric determi 
nation, one may write 

CH 30 H(/) -y CH 30 H(g) AHhs » 8940 i 10 cal 

Then, in accordance with Hess’s law, this thermo- 
chemical equation can be combined with that pre- 
viously given for the combustion of liquid metha- 
nol to yield a value for the combustion of the 
gaseous form : 

CH30H(g) + %02(g) 2H20(/) + C02(g) 

AHm - -182,610 d= 50 cal 

Such a result is valuable for developing the thermo- 
dynamic treatment of the methanol synthesis. 

Solutions. The thermochemistry of solutions can 
be touched upon only briefly here. The heat effects 
depend upon the nature of the particular solutions, 
and sometimes change greatly with the concentra- 
tion. The solution process for crystalline cetyl alco- 
hol in the closely related liquid n-heptyl alcohol is 
endothermic, and the AH approximates the heat oi 



fusion of cetyl alcohol at the temperature involved. 
h is almost independent of the concentration, be- 
cause the resulting liquid is nearly an ideal solu- 
tion. 

By contrast, the solution processes for many in- 
organic substances in water are frequently exo- 
thermic as a result of the hydration of ions and 
other departures from ideality. Two heat quantities 
commonly occur in such cases, the integral and the 
differential heats of solution. The integral heat of 
solution is the Aff per mole of solute when it is 
dissolved in a given solvent, such as water, to form 
a solution of a particular concentration. On the 
other hand, the differential heat of solution is the 
effect when 1 mole of the solute is dissolved in 
such a large volume of solution of this particular 
(concentration that the concentration is not ap- 
preciably changed. These two Af/ values are iden- 
tical for an infinitely dilute solution. However, they 
differ by 2000 cal in the case of a 5.0 molal solu- 
tion of aqueous sulfuric acid. See Solution. 

[c.s.p.] 

Bibliography. O. A. Hougen. K. M. Watson, 
and R. A. Ragatz, Chemical Process Principles, 
pt. 1, 2d ed., 1959; 1. Prigogine and R. Defay, 
Chemical Thermodynamics, 1954; F. D. Rossini, 
Experimental Thermochemistry, 1956. 

Thermocline 

\ layer of sea water in which the temperature de- 
crease is greater than that of the overlying and 
underlying water. Such layers are semipermanent 


features of the oceanic temperature atructure, and 
their depth and thickness show marked vgriatim 
with season, latitude and longitude, and Ipcal en- 
vironmental conditions. Since the three-dimensional 
temperature structure has a great effect tm many 
oceanic properties, such as the transmission of 
sound, the study of the nature and behavior of the 
thermocline is of extreme importance to many 
oceanographic interests, both economic and mili- 
tary. In general, two major types of thermocline 
may be identified, the permanent thermocline and 
the seasonal thermocline. In addition to these types, 
shallow thermoclines or similar stable layers often 
occur, owing to diurnal heating of the surface 
waters. See Underwater sound. 

Permanent thermocline. This feature is so 
named because its character is virtually unchanged 
seasonally. In Arctic and Antarctic regions, the 
water is cold from top to bottom. As this dense 
water flows south and north, respectively, it sinks 
beneath warmer water which moves outward from 
the Equator. This gives rise to the temperature dis- 
continuity known as the permanent thermocline. 
The cold water flowing slowly through the deep 
ocean basins exhibits conservative properties 
throughout all the oceans; however, on top of this 
dense layer lie a number of shallow layers whose 
character varies from ocean to ocean. The top of 
the permanent thermocline is quite shalloV at the 
Equator, reaches maximum depth at mid-latitudes, 
and becomes shallow again at about 50® latitude. 
The thermocline disappears between 55 to 60®N 


degrees of latitude (north and south) 
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ot S. In general, as the permanent thennocline 
<facpeii8, it becomes thicker and the temperature 
gradient within it decreases. Figure 1 indicates 
sdiematically variations with latitude in the char- 
acteristics of the permanent thennocline. 5ce Sea 
warn. 

SMSOnal thermocifne. This feature is a sum- 
mer phenomenon found at shallower water depth 
than the permanent thermocline in all the world’s 
oceans except those perennially ice-infested. As air 
temperatures rise above ocean temperatures in the 
spring season and the sea surface receives more 
heat than it loses by radiation and convection, the 
surface water begins to warm so that a negative 
temperature gradient develops in the first few feet 
(Fig. 2a). The surface waters are then mixed by 
transfer of energy from the wind. Although this 
mixing serves to lower the surface temperature, the 
net effect is a downward transport of heat and for- 
mation of an isothermal layer whose temperature 
is warmer than the underlying water (Fig. 2fc). A 
strong temperature gradient, or seasonal thermo- 
cline, is thus formed between the isothermal sur- 
face layer and water beneath. This process repeats 
itself (Fig. 2r) until the gradient in the seasonal 
thermocline becomes so strong that summer winds 
cannot impart sufiRcient energy to drive the iso- 
thermal layer deeper. From July through Septem- 
ber such a surface layer of mixed water underlain 
by a strong negative temperature gradient is found 
in most of the ocean. As air temperatures fall in 
autumn, the water loses heat to the atmosphere by 
convective and radiative processes, and the surface 
layer is cooled to the temperature of the water 
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Fig. 2. (a-cO Formation and break-up of seasonai 
thermocline. Numbers show sequence in development 
and disoppearanco of thermocline; profiles show tem- 
peroture structure. 


below. The seasonal thermocline breaks up (p}. 
2d), to form again the following spring. Seasonai 
thennoclines may be affected locally by vertical 
wind mixing, currents, and heat exchange across 
the interface between ocean and atmosphere. Fur- 
ther distortions may occur because the density dis- 
continuity associated with thermoclines provides a 
favorable environment for internal waves. Prac- 
tically all physical processes occurring in the sea 
have an effect on thermocline characteristics. See 
Wave (internal) ; see also Halocline. Fj-J-Si..] 

Thermocouple 

A device that uses the voltage developed by the 
junction of two dissimilar metals to measure tem- 
perature difference. Two dissimilar wires welded 
together at one end form the basic thermocouple. 
The junction is used as the sensing portion and is 
placed at the point where temperature is to be 
measured. The other ends of the wires are main- 
tained at a known reference temperature. Voltage 
developed across the junction is roughly propor- 
tional to the temperature difference between the 
junction and the opposite ends of the wires. If the 
free ends are connected, a direct current will flow 
through the circuit. The direction of the current 
depends on whether the junction temperature is 
higher or lower than the reference temperature. 
Foi a thorough discussion of the basic principles of 
the thermocouple, see THFRMOFLKf trrity. 

While all dissimilar metals exhibit the thermo- 
electric effect, only a few are in wide use. The 
major characteristics which make certain metaU 
or combinations of metals outstanding^for this 
purpose are (1) stability or reproducibility, the 
emf does not change rapidly with time; (2) con 
slant or contiollable composition, small impurities 
or changsF in composition of wire from end to end 
or lot to lot can result in varying or nonidentual 
emf curves; (3) corrosion resistance, wires do not 
deteriorate or change properties in oxidizing or 
reducing atmospheres; (4) sensitivity, the emf 
generated per degree temperature change is large, 
(.S) range, the couple can be used through a broad 
range of temperatures; (6) ruggedness, tough but 
easily worked metals are necessary for good serv- 
ice; and (7) cost. 

The emf-temperature curves for six widely used 
thermocouples are illustrated in Fig. 1 and the 
normal temperature limits and corrosion character- 
istics are listed in the table. Application condi- 
tions determine the thermocouple used. When 
several are applicable, it is common to select the 
thermocouple with the greatest sensitivity and the 
least cost. 

The emf generated by a thermocouple does not 
depend upon the size of the wire. Therefore, small, 
fine-wire thermocouples are ideally suited for the 
measurement of temperature in small spaces or 
when rapid temperature changes require good 
dynamic characteristics. Time constants of the 
magnitude of 1 second are possible in gases at 



atmospheric pressure moving with a moderate 
vflocity. On many applications, however, an ade 
quate life can be achieved only with a heavier wire 
(for example, 14 gage) and one or two protecting 
tubes, both of which cause a reduction in speed of 
response. At low temperatures (1000®F and be- 
low), a single metallic well is generally adequate. 
At high temperatures, the thermocouple is often 
inserted in a primary tube of porcelain or fused 
silica, and this is protected by a secondary tube of 
metal, silicon carbide, or fire clay. The construc- 
tions used arc always a compromise between serv- 
ice life, dynamic characteristics, and errors due to 
conduction, radiation, and other losses. 

Thermocouple circuits have a reference junction 
(often called cold junction) from which tempera- 
tures are measured. Usually this junction is at 0°C. 
or 32® F, and in the simplest circuits this tempera- 
ture is maintained by an ice and water bath. It is 
more convenient on instruments in continuous serv- 
ice to maintain the reference junction at a tempera- 
ture slightly above atmospheric by a miniature 
thermostatically controlled oven and to zero the 
instrument by adding the corresponding voltage 
Other instruments allow the reference-junction 
temperature to vary with ambient conditions within 
the voltage measuring instrument and provide a 
talibrated electrical or mechanical manual adjust- 
ment so that with proper ad|ustment the instill- 
ment reading is correct. In recent years most in 
struments that are used with only one type of 
thermocouple have automatic reference junction 
( ompensalion, and their scale or chart is calibrated 
directly in temperature units Figure 2 shows s<»nic 
t\pKal circuit connections for thermocouples 
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Fig. 1. Temperature-thermal emf curves for common 
types of thermocouples. 


Extension leads are coinmonlv used to connect 
the measuring junc*tion with the reference junction 
when the conned ions arc greater than 20 ft in 
length. Extension wire is alloyed to match the 
tlieimoelectn* effect of the thermocouple'* wires 
through the limited lemticraliire langes to which 
the lead wires are subjected. The extension wire 
has better mc'chanical characterisiif s, Icmer re- 
sistance, or lower cost than the thermocouple 
wire When long lead wires to the measuring instru- 
ment are necessarv, it is sometimes desirable to 


Temperature limits and corrosion characteristics of thermocouples* 


Positive* c'lement 


<)()% Pt 10% Rh, 
87% Pt 13% Rh 


Chromel-P 


Iron 


Copper 


Chromel-P 


Negative 

element 


lernpeidture 

innge, 


Iiiffuem c* of tern tjerii tine and gas almospliercR 


Platinum 

Alumel 

Constantan 


Constantan —200 t4^ 350 


Constantan 


0 «.) 1 r>0 nesisUiH e t<) oxiilwuiK vwy f?<K>d ; resibl- 

an< (* to wdiii iiiK almosphorc poor; platinum c^irrodoB 
easily alKiiP 10()0"C, >thoul<l la* iiw-d in <■©- 

lainic |)rot«lin« tiilie 

- 200 to 1 100 Rpsistaiu »* to oxidizinif otinosphen* kikw to yny giHM , 

lesisUnrc to khIuiiuk atinosphore [Mior; altorU'd hy 
sultiii. rpdiainfj or siilfiirous ipw, S()j, and ll^h 

- 200 to 750 Oxidiziiiff and rediu iiiK atmospheres have little effed 

on a< I'uiai y. lies! used in dry otmospberes, niastanee 
to oxidation B«>od up to iOO°C, poor almve 700 C; 
resist.iiae U* rwluring atmosphere giKxl up U> 400 t.; 
proUHtion irom oxyRen, moisture, and sulfur re- 

Suhiect to oxidation and alteration al»ove iOO^C due 
to copper, al).)ve bOO^C due to f:^n8luntun xffire; 
^•ontatninution of copper affects culihralion f^tly; 
resistance to oxidizing atmosphere good: resistance 
to reducing atmosphere good; requires proteettofl 
from acid fumw , 

_ 100 to 1000 Chromel attacked by sulfurous 
_ 100 to HHW ^ oxidation good; resistance to reduong atmosphere 





tboale liilb reference junction near the measuring 
linnotloii and make the meter connection by ordi- 
nary copper wire. 

Any method of measuring small voltages accu- 
ratdy may be used for thermocouple voltages. The 
millivoltmeter and the potentiometer in various 
fonns are in wide use. Precision measurements 
with thermocouples (say to 0.1®F) arc possible 
in certain ranges with specially calibrated units. 
On industrial applications, errors of 5®F and 
larger occur, but the actual magnitude depends 
upon the thermocouple materials, the temperature 
level, the lead wires, the compensation, the voltage- 
measuring system, and the installation. Although 
thermocouple systems have many limitations, they 
arc particularly advantageous for applications re- 
quiring remote indication or recording, for those 
on which the measuring junction must be replaced 
relatively frequently, and for those requiring meas- 
urements in the temperature range between 800 
and 2400''F. In the laboratory and in experimental 
work, the thermocouple is frequently a convenient 
substitute for the more accurate, but less rugged, 
liquid-in-glass thermometer. 



raference 

junction 




Fig. 2. Typical thermocouple circuits, (a) Single 
thermocouple circuit requiring no extension leads. 

(b) Single thermocouple circuit having the reference 
junctions at a distance from the measuring instrument. 

(c) Single thermocouple circuit having the reference 
iunctions ot the measuring instrument, (d) Multiple 
thermocouple circuit having the refwDsnce junctions at 
a distance from the measuring instrument. 


The thermopile is a number of thermocouples 
connected in series or parallel. The series 
provides a higher sensitivity (greater emf per 
degree) than one thermocouple alone and is often 
selected for this reason. Either the series or paral- 
lei circuit may be used for obtaining an indication 
which approaches the average of the several tem- 
peratures. 

For information concerning other means of 
measuring temperature, see Temperature meas- 
urement. [R.E.CL,] 

Bibliography: D. M. Considine (ed.). Process 
Instruments and Controls Handbook^ 1957. 

Thermodynamic cycle 

In a thermodynamic cycle, one form of energy, such 
as heat from the combustion of a fuel, is in part 
converted to another form, such as mechanical en- 
ergy on a shaft, and the remainder is rejected as 
low-grade heat. 

Common features ht cycles. A thermodynamic 
cycle requires, in addition to the supply of incom- 
ing energy, ( 1 ) a working substance, usually a gas 
or vapor, (2) a mechanism in which the processes 
can be carried through sequentially, and (3) a 
thermodynamic sink to which the residual heat can 
be rejected. The cycle itself is a repetitive series 
of operations. 

There is a basic pattern of processes common to 
power-producing cycles. There is a compression 
process wherein the working substance undergoes 
an increase in pressure and therefore density. 
There is an addition of thermal energy (sec Heat) 
from a source such as a fossil fuel, a iTssile fuel, 
or solar radiation. There is an expansion process 
during which work is done by the system on the 
surroun^ngs. There is a rejection process where 
thermal energy is transferred to the surroundings. 
The algebraic sum of the energy additions and ab- 
stractions is such that some thermal energy is con- 
verted into mechanical work. 

A steam cycle that embraces a boiler, a prime 
mover, a condenser, and a feed pump is typical 
of the cyclic arrangement in which the thermo- 
dynamic fluid, steam, is used over and over again. 
An alternative procedure, after the net work flows 
from the system, is to employ a change of mass 
within the system boundaries, the spent working 
substance being replaced by a fresh charge ready 
to repeat the cyclic events. The automotive engine 
illustrates this arrangement of the cyclic pn>C' 
esses, called an open cycle because new mass en- 
ters the system boundaries and the spent exhaust 
leaves it. 

The basic processes of the cycle, either open or 
closed, are heat addition, heat rejection, expansion, 
and compression. These basic processes are always 
present in a cycle even though there may be dif- 
ferences in working substance, the individual proc- 
esses, pressure ranges, temperature ranges, mech- 
anisms, and heat transfer arrangements. 
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cycles are, in the order of decreasing efficiency: 
Carnot cycle (a-bH:-d-a) 

Brayton cycle (6-e-d-/-6) 

Diesel cycle (6-e-d*^*6) 

Otto cycle ib-h-d-g-b) 

Comparison of principal thermodynamic cycles 


Air*Standard cycla. It is convenient to study the 
various power cycles by using an ideal system such 
as the air-btandard cycle as illustrated. This is an 
ideaK frictionless mechanism enveloping the sys> 
tern, with a permanent unit charge of air behaving 
m accordance with the perfect gas relationships. 

The unit air charge is assumed to have an initial 
state at the start of the cycle to be analyzed. Each 
process is assumed to be perfectly reversible, and 
all effects between the system and the surroundings 
are described as either a heat transfer or a me- 
chanical work term. At the end of a series of proc- 
esses, the state of the system is the lame as it wa« 
initially. Because no chemical changes take place 
within the system, the same unit air charge is con- 
ceivably capable of going through the cyclic proc- 


esses repeatedly. 

Whereas this air-standard cycle is an idealiza- 
tion of an actual cycle, it provides an amenable 
method for the introductory evaluation of any 
power cycle. Its analysis defines the upper limits of 
performance toward which the actual cvcle per- 
formani e may approach. It defines irenus, if not 
absolute values, for both ideal and actual eye les 
The air-standard cycle can be used to examine such 
cycles as the Carnot and those applicable to the 
automobile engine, the diesel engine, the gas tur- 
bine, and the jet engine. f I 


Bibliography : G. A. Hawkins, Thermodynamics, 
2d ed., 1951; J. H. Keenan, Thermodynamics, 
1941; J. F. Lee and F. W. Sears, Thermodynamics, 
1955. 


Thermodynamic principles 

Laws governing the conversion of energy to and 
from heat and the methods employed for such 
transformations arc the subject matter of thermo- 
dynamics. 

In this article, underlying principles are re- 
viewed. For detailed treatment and applicauon of 
these principles, see Thermodynamic cycl^ 
Thermodynamic processes. For discussion of spe- 


cific aspecu of theimodyniiiiicai aee Carhot cy- 
cle; Heat; Steam; THERMocagifiSTmr; t^sRii^ 
H51-ECTR1CITY. 

Fbnm of onorgy. The capacity of migter for 
producing an effect is its energy. The efffeol may 
be in the form of mechanical work, biologiea} 
growth, or other manifestations. For convenience* 
energy is subdivided into two general classes: 
stored energy and energy in transition. 

Stored energy. When energy resides in matter ei- 
ther in its state of aggregation or in the motion 
of the matter, it is stored. Energy which is associ- 
ated with matter by virtue of the position of the 
matter is classed as potential energy. 

Potential energy arises from the position of a 
body relative to an external datum level, such as 
a skull cracker raised to the lop of a wrecker’s 
crane; and from the internal static of a body, such 
as a spring stretched beyond its static length. Po- 
tential energy is measured by the work it can per- 
form 

The energy stored in a given quantity of matter 
by virtue ot its motion is termed kinetic energy. A 
bullet approaching a target at high velocity pos- 
sesses kinetic energy, as evidenced by its ability to 
penetrate wood blocks and steel plates. An automo- 
bile moving along a level highway has kinetic en- 
ergy of translation, while a moving wheel on a ma- 
chine tool has kinetic energy of rotation. There arc 
other types of energy associated with electric and 
magnetic fields, chemical energv, and energy con- 
tained within the atomic nucleus. 

Internal energy refers to the energy stored in a 
molecular system The molecular world exmsists of 
enormous numbers of extremely minute entities 
called molecules and atoms. Everywhere in this 
woild there is vari,id activity. 

It might he thought that no laws govern the 
traffic in the molecului world inasmuch as every- 
thing appears to happen as a mailer of chance. 
Although it is not yet feasible to study the motion 
of a single molecule, statistical methods make it 
possible to predict the behavior of large aggregates 
of molecules. 

The stored energy in a molecular system consists 
of kinetic energy of translation, rotation, and vi- 
bration, and of potential energy due to the bond- 
ing forces in the system. In general, the engineer 
is not concerned with the separation of the total 
energy of a molecular system into the component 
parts; hence the total stored energy is called the 
internal energy. 

The internal energy of gases. liquids, and sol- 
ids can be computed. As an example, the internal 
energy of a perfect gas is independent of the gas 
volume and is dependent only on the absolute tem- 
perature of the gas. This statement is referred fo 

as Joule’s law. . , t - 

Energy in transition. Clearly distingoished from 
the various forms of stored energy is energy in 
transition. Work is defined as a form.of energy hi 
transit rcsulUng from a force acting tbrou|^ a 



ilfwni i^KMmce. To ^adnguioh clearly between work 
and edier forms of stored energy, consider a tank 
of compresaed gas* By releasing the gas through a 
nofide, its stored potential energy is converted into 
kinetic energy of the moving molecules. The con- 
version is brought about in this case by the pres- 
sure in the tank. The conversion could also be 
brought about by adding heat at the nozzle. This 
would cause the molecules to emerge from the 
nozzle at a greater velocity than that caused by 
pressure alone. The kinetic energy in the molecules 
can then be further transformed by directing them 
against a turbine blade. The molecules give up 
their kinetic energy to the turbine blade to rotate 
the turbine and do useful work. 

In many systems, force is not constant. For ex- 
ample, when the gas expands in the cylinder its 
pressure and volume both vary ; hence to determine 
the work term it is necessary to evaluate the inte- 
gral of the product of pressure and the differential 
change in volume. 

If two bodies at different temperatures are 
placed together, energy transfers from the hotter 
to the colder body. The energy in transit between 
bodies at different temperatures is termed heat. 

The modes by which heat may be transferred 
are conduction, convection, and radiation. Conduc- 
tion is the passage of heat through adjacent layers 
of matter as a result of the transfer of energy in 
the molecular structure because of a temperature 
difference. The flow of heat through the wall of a 
furnace is an example of this type of heat trans- 
fer. Heat is transferred by convection in a fluid by 
the movement of quantities of material from a high 
temperature region to one at a lower temperature. 
The actual motion of the fluids may result from dif- 
ferences in density, which is known as natural or 
free convection, or the transfer may be produced 
by mechanical devices such as pumps and fans, in 
which case it is called forced convection. Heat may 
be transferred from a hut body to a colder body 
even though no material substance connects them. 
This type of transfer is accomplished by electro- 
magnetic radiation and is termed radiant heat 
transfer. 

A transformation such as the vaporization of a 
liquid, the condensation of a vapor, the melting of 
a solid, the freezing of a liquid, or the transition 
of a solid from one crystalline form to another is 
accompanied by a transfer of heat. The quantity of 
heat transferred to or from a unit quantity of mat- 
ter during the transformation is known as the 
latent heat. 

Measures of energy. Energy can be transformed 
from one form to another, therefore heat energy 
can be expressed in terms of its equivalent me- 
chanical energy. In dealing with thermodynamic 
systems, other measures of energy are more di- 
rectly applicable. But regardless of its form or the 
way it is measured, energy can neither be created 
nor destroyed; the total energy associated with a 
thermodynamic conversion remains constant. This 


is the First Law of Thermodynamics. (If rdativis. 
tic transformations are introduced,' the law ig ex- 
tended to include the equivalence of mass and en- 
ergy.) Basic to all such measures of energy $3 
power. 

Power, referring to a mechanical system, is de- 
fined as the rate of performing work, or the quo- 
tient of the work performed divided by the time 
elapsed during the performance. Power in electri- 
cal transformations is the rate of doing work 
against electric charges in electric fields. Typical 
units for mechanical and electrical power ar^ 
horsepower and watt. 

Enthalpy is a property used in the analysis of a 
thermodynamic system. The enthalpy per unit mass 
of material, or the specific enthalpy, is niinieri. 
cally equal to the sum of the internal energy per 
unit quantity and the product of the pressure and 
the specific volume (see Enthalpy) . 

Thermal capacity is defined as the heat trans- 
ferred to a unit quantity of matter which is sufl5. 
cient to cause a 1^ chibge in the temperature of 
the body. The ratio of the heat transferred to the 
temperature change of the material is the mean 
thermal capacity. Specific heat of a material at a 
given temperature is the ratio of the thermal ca- 
pacity of the substance at that temperature to the 
thermal capacity of water at a standard tempera- 
ture and pressure. So defined, specific heat is a di- 
mensionless quantity. If the standard temperature 
and pressure are selected so that the thermal ca- 
pacity of water is unity, then the specific heal of 
a substance is numerically equal to its thermal ca- 
pacity. Because of this equality the terms “specifK 
heat” and “thermal capacity” are often used inter- 
changeably. 

Specific heat of a substance is dependent on 
the temj^rature and also on the process in- 
volved. In the case of gases, two important spe- 
cific heats are those for constant-volume and con 
stant-pressure processes. A definite relationship 
exists between these two specific heats which is of 
importance in the analyses of systems involving 
gases. Values of specific heat for some simple gases 
can be derived from kinetic theory, which takes 
into account the degrees of freedom and the law 
of equipartition of energy. That is, internal energy 
of a dynamical system in thermal equilibrium is 
equally divided between the various degrees of 
freedom. For more complex gases, specific heat 
data are obtained from spectroscopic data and 
analyses. 

Law of degradation of energy. An analysis of 
the Carnot cycle indicates the maximum amount of 
transferred heat that can be converted into useful 
work, the remainder being unavailable as work. To 
convert heat into work, energy is transferred from 
a high-temperature source to the heat engine. The 
engine converts some of that energy into work and 
rejects the remainder to a lower temperature re- 
ceiver. No deviations from this procedure have 
been observed, and thus it appears that another 



natural law exiats: the law of degradation of en- 
crgy. 

The eternal struggle to smooth out variations in 
energy levels is one of the most pervasive forces on 
the earth— the force activating the changes in com- 
position, placement, temperature* and physical 
movements of matter. Man cannot prevent the lev- 
eling out of energy levels or potentials, but he can, 
by taking pains, direct slight transformations, and 
by so doing he can make the flow of energy do 
some of his chores. Applied to systems in which 
heat is transferred to an apparatus and part of it 
is converted into work, the law of degradation of 
energy is usually referred to as the Second Law of 
Thermodynamics. 

Many statements of the second law have been 
formulated. One formulation, by Max Planck, 
follows: ‘*Il is impossible to construct an engine 
which, working in a complete cycle, will produce 
no effect other than the raising of a weight and 
the cooling of a heat reservoir.” The amount of en- 
ergy which is unavailable in a heat engine for per- 
forming work, and which must be dumped on the 
energy scrap pile is an important item in the anal- 
ysis of thermodynamic systems. 

An important stale property called entrop\ is 
used extensively to evaluate this phenomenon. En- 
tropy is a measure of the unavailable energy of a 
process. The concept of entropy can also he devel- 
oped from prohahility studies (see Entropy). 

Equations of stato. The physical forms of matter 
arc divided into three phases: solid, liquid, and 
gas. The First and Second Laws of Thermodynam- 
i(H are general in character and mav be used in 
the analysis of a system; however, addition'll infor- 
mation is needed. This may he acquired from the 
equations of state, which are relations among vari- 
ables used to define the state of a material under 
equilibrium conditions. The present extent of 
knowledge does not permit the formulation of a 
general equation of state for all materials The en- 
gineer and the scientist use equations has d on ki- 
netic theory, and information obtained by experi- 
ment. Over wide ranges of conditions, several equa- 
tions of state may be required. The state of a 
gas can change in several ways. 

Gas laws. Robert Boyle published his remark- 
able researches on the properties of air at ordi- 
nary temperature in 1662. As a result of this work, 
a gas law bearing his name evolved. According to 
Boyle’s law, for a given quantity of gas at a fixed 
temperature, the product of pressure and volume is 
constant. In other words, at fixed temperature, pres- 
sure varies inversely with volume. Later, experi- 
ments show that this law is not valid over all 
ranges of pressure and temperature. At low pres- 
sures, the law predicts the behavior of most gases 
satisfactorily. 

Jacques A. Charles, John Dalton, and Joseph L. 
Gay-Lussac later conducted investigations dealing 
with the change in volume of a gas during hcali^ 
under constant pressure conditions, which resulted 
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in additioaal informatioiu Charlea’ law slates that, 
^th the pressure of a gas remainiag oonstant^ 
•change in volume is accompanied by a proportkmal 
change in temperature. Similarly, with the volume 
of a gas remaining constant, a change in pressure 
is accompanied by a corresponding change in ab- 
solute temperature. 

A characteristic gas equation may be developed 
on the basiH of BoyleV law and Charles’ law, ac- 
cording to which the pressure of any given quan- 
tity of gas is proportional tf> the absolute tempera- 
ture and inversely proportional to the volume. Or, 
the product of the pressure and volume is equal to 
the product of a constant and the absolute gas tem- 
perature. This relation is based on the assumption 
that the gases follow the laws of Bovle and Charles. 
Because, under certain conditions, gases do not fol- 
low these laws, it is expected that the characteris- 
tic gas equation does not accura^.ly represent the 
behavior of gases for all ranges of pressure and 
temperature. Even though the relation is only ap- 
proximate. it is extremely useful for the solution of 
manv problems. For real vapors and gases at rela- 
tively low pressure* and high temperatures, the re- 
lation represents the behavior of gases and vapors 
with good accuracy. 

The relation may also be developed from kinetic 
theory. Ideal gas or perfect gas are terms used 
to (les<*iibe a hypothetical gas which would follow 
the chaiacteristic equation under all conditions. 
The etfuation of slate for an ideal or perfect gas 
is the characteristic relation developed from 
Bovle’s and Charles’ laws. The constant in the 
equation is called the ideal gas constant and is 
fixed for a given gas hut varies from one gast to 
another. The individual gas constants may be re- 
placed by the rttio of a universal gas constant 
and the molecular weight. In this case, the uni- 
versal gas constant is the same for all gases. 
The ideal gas law stales that the product of the 
pressure and volume is equal to the product of the 
universal gas constant and absolute temperature di- 
vided by the molecular weight. 

When the deviation of an actual ga*^ from the 
ideal gas law becomes excessive, other relations 
must be used to avoid errors in the analysis of sys- 
tems. The two most common procedures are to em- 
ploy more complicated equations of state or to 
modify the ideal gas law by means of a coirection 
factor known as the compre-ssihllily factor. This 
factor is dependent on pressure, temperature, and 
iype of gas. Charts from which compressibility fac- 
tors may be obtained are available. 

In the development of the ideal gas law from ki- 
netic theory, two assumptions are made: (1) the 
various molecules of the gas are considered to have 
negligible volume; (2) the force of attractiion be- 
tween adjacent molecules is considered extremely 
small In 1873, J. D. van der WaaJU presented his 
equation of state, which took into account the finite 
size of the molecule and the attraetive forces act- 
ing between molecules. Because actual molecules 



ygit iet Waftls reasoned that the vol* 
nifae oceapied by ,a real gas would be less than that 

the ideal gas. Hie pressure of the gas must be 
adjusted for the attractive forces between mole- 
cdlea. The equation is called van der WaaFs equa- 
tion of eitate for gases. Although the equation does 
net represent values of the properties of gases with 
a high degree of accuracy, it is of considerable use 
In studying the properties of gases. It is a refine- 
ment of the ideal gas equation. See Van den Waals 

EQUATION. 

Many equations of state have been proposed 
since van der Waals presented his. One of these 
is the Beattie-Rridgeman equation of state. This is 
a complex refinement of the earlier equations. Sec 
Beattir-Bridgeman equation. 

Investigators have measured the volume of a 
fixed mass of gas at constant temperature over a 
wide range of pressures. Results are usually ex- 
pressed in the form of the product of tlie pressure 
and specific volume equal to a series equation of 
increasing powers of pressure. Coefficients for the 
various terms are called virial coefficients. Consid- 
erable research has been conducted to refine the 
coefficients, so that the properties may be deter- 
mined with greater accuracy. 

Mixturas of gases. Properties for mixtures of 
gases are obtained from the characteristic equa- 
tions for an ideal gas and AvogadroV law. Dalton’s 
law, and Amagat’s law. Avogadro’s law slates that 
equal volumes of ideal gases at the same tempera- 
ture and pressure contain the same number of mol- 
ecules. According to Dalton’s law or the law of ad- 
ditive pressures, the total pressure exerted by a 
mixture of ideal gases in equilibrium equals the 
sum of the partial pressures. The law of additive 
volumes, formulated by F. H. Amagat and A. Leduc 
and commonly known as Amagat’s law. states that 
for a mixture of ideal gases, the total volume is 
equal to the sum of the volumes which the constit- 
uent gases would occupy at the total pressure of 
the mixture, and at the same temperature. This law 
has been found to hold for a mixture of real gases 
with a fair degree of accuracy. [g.a.h. 1 

Bibliography: G. A. Hawkins. Thermodynamics, 
2d ed.. 1951 ; .1. H. Keenan. Thermodynamics, 
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dynamics for Chemical Engineers, 1957; M. W. 
Zemansky. Heat and Thermodynamics, 1957. 

Thermodynamic processes 

When any property of an aggregation of matter 
and energy changes, a process takes place. When 
there ate thermal effects, the change is a thermo- 
dynamic process. The participants in a process are 
first identified as a system to be studied ; the bound- 
aries of the system are established : the initial state 
of the system is determined: the path of the 
changing states is laid out: and finally, supplemen- 
tary data are stated to establish the thermodynamic 
process. These steps will be taken in the following 
paragraphs. 

A syitem and ita boundaries. To evaluate the 
results of a process, it is necessary to know the 


participants that undergo the process end their 
mass and energy. A region, or a syett^. is selected 
for study, and its contents determined^ This region 
may have both mass and energy entering or leav. 
ing during a particular change of cemditions. and 
these mass and energy transfers nOiy result in 
changes both within the system and withiin the sur- 
roundings which envelop the system. 

As the system undergoes a particular change of 
conditions, such as a balloon collapsing because of 
the escape of gas, or a liquid solution brought to a 
boil in a nuclear reactor, the transfers which occur 
in the system’s mass and energy can be evaluated at 
the boundaries of the arbitrarily defined system 
under analysis. 

A question that immediately presents itself is 
whether a system such as a tank of compressed air 
should have boundaries which include or exclude 
the metal walls of the tank. The answer depends 
upon the aim of the analysis. If its aim is to estab- 
lish a relationship among the physical properties 
of the gas, such as to wtermine how the pressure 
of the gas varies with the gas temperature at con- 
stant volume, then only the behavior of the gas is 
involved: the metal walls do not belong within the 
system. However, if the problem is to determine 
how much externally applied heat would lie re- 
quired to raise the temperature of the enclosed gas 
a given amount, then the specific heat of the metal 
walls must be considered as well as that of the gas. 
and the system boundaries should include the walls 
through which the heat flows to reach the gaseous 
contents. In the laboratory, regardless of where 
the system boundaries are taken, the walls will al- 
ways play a role, and must be reckoned with. 

State of a system. To establish the exact path 
of a process, the initial state of the system must he 
determin^. This initial thermodynamic state or 
condition of the system is characterized by a defi- 
nite pressure, temperature, volume, and other such 
dimensions. If a dimension is reproducible, it is 
called a property of the system. If enough prop- 
erties of a system are determined, the slate of the 
system is determined; the remaining physical prop- 
erties may be established based upon this state of 
the system. The number of properties required to 
specify the state of a system depends upon the 
comfilexity of the system. Whenever a system 
changes from one stale to another then a process 
occurs. 

After an initial state of a system is established, 
several questions may be asked. What makes a sys- 
tem change from this state to another? What driv- 
ing potentials cause a process to occur, or cause 
a change of state of the system? Also, how far 
forward will a process go? These questions will 
be approached by first discussing the fundamental 
aspects of the equilibrium of a system. 

Whenever an unbalance occurs in an intensive 
property such as temperature, pressure, or density, 
either within the system or between the system and 
its surroundings, the force of the unbalance initi- 
ates a process that causes a change of state. Exam- 
ples of an unbalanced potential property that can 



iiutiate a c^nge of state are the unequal molecular 
concentration of different gases within a single 
rigid enclosure; a difference of temperature across 
the system boundary ; a difference of pressure nor- 
mal to a nonrigid system boundary; or a difference 
of electrical potential across the system bounds- 
rics. The direction of the change of state caused 
by the unbalanced force is such as to reduce the 
unbalanced driving potential. All changes of sute 
tend to decelerate as this driving potential is de- 
creased. 

Equilibrium. The decelerating rate of change 
implies that all states move toward new static con- 
ditions of equilibrium. When there are no longer 
any unbalanced forces acting within the boundaries 
of a system, or between the system and its sur- 
roundings, then no mechanical changes can take 
place, and the system is said to be in mechanical 
equilibrium. A system in mechanical equilibrium, 
such as a mixture of hydrogen and oxygen, might 
under certain conditions undergo a chemical 
change. If, however, a chemical change is not pos- 
sible under any condition, as in a mixture of neon 
and argon, then the mixture is said to be in chemi- 
cal as well as mechanical equilibrium. 

If all parts of a system in chemical and mechani- 
cal equilibrium attain a uniform temperature, and 
if. in addition, the system and its surroundings are 
at the same temperature, then the system has also 
reached a condition of thermal equilibrium. 

Whenever a system is in mechanical, chemical, 
and thermal equilibrium, so that no mechanical, 
chemical, or thermal changes can occur the s'^siem 
IS in thermodynamic equilibrium. The pa-'icular 
slate of thermodynamic equilibrium reached by a 
system may he described by its properties or di- 
mensions, because the system is in a static, rathei 
than transient, condition. 

Process path. If under the influence of an un 
balanced intensive factor, the state of a system v 
altered, then the change of state of the svstem .s 
described in terms of the end states, or ot ihe dif- 
ference between the initial and final physical prop- 
erties. 

The path of a change of state is the locus of the 
whole series of states through which the system 
passes when going from an initial to a final state. 
It is possible to duplicate the path that a syhtcm 
follows by any of several different processes. For 
example, liquid in a container can undergo a par- 
ticular temperature rise, describing a particular 
path from initial to final state. The change of state 
along this definite path may be p**oduc^ either by 
heat transfer alone, by vigorously stirring jltc liq- 
uid, or by any combination of the two. Thus, the 
exact process causing a change of state must be 
particularized by more than merely presenting the 
path traversed, and must be described by the 
method which induces the change. To be adequate 
in defining the process, the description of the^ 
method must include at least tha heat or the work 
entering the system during the process. 

From the above descriptions of systems, bounda- 
ries, states, and processes, there are several corol- 


laries. First, all properties are identical for* identt 
cal states. Second, the change in a property be^ 
tween initial and final states is independent of path 
or processes. The third corollary is that a quantity 
whose change is fixed by the end states and is in- 
dependent of the path is a point function or a prop- 
erty. 

Pressure-vDiume-tMiparatuio dlngram. Where- 
as the state of a system is a point function, the 
change of state of a system, or a process, is a path 
function. Various processes or methods of change 
of a system from one state to another may be de- 
picted graphically as a path on a plot using ther- 
modynamic properties as coordinates. 

It Is determined by Gibbs* phase rule, and veri- 
fied by experience, that a pure substance, which is 
either in the liquid or in the gaseous phase, in the 
absence of motion, gravity, capillarity, electricity 
and magnetism, has only two independent thermo- 
dynamic properties. Among the properties of a 
thermodynamir substance which can be quantita- 
tively evaluated are the pressure, temperature, 
specific volume, internal energy, enthalpy, entropy, 
viscosity, and electrical resistivity. From among 
these properties, any two may he selected. If these 
two prove to be independent of each other, when 
the values of these two properties are fixi*d, the 
state is determined, and the values of all the other 
properties are also fixed. * 

There are several variable properties which are 
frequently and conveniently measured: pressure, 
volume, and temperature, any two being the se- 
lected independent variables, and the third being 
the dependent variable. To depict the relationship 
among these physical properties of the particular 
woiking substance, these three variables may be 
used as the coordinates of a three-dimensional 
space. The resulting surface is a graphic presenta- 
tion of the equation of state for this working sub- 
stance and all possible equilibrium states of the 
substance lie on this p-v-T surface. The p*v-T sur- 
face may be extensive enough to include all three 







temperature, T 


Fig 2 Portion of equilibrium surface protected on 
p T plane 



volume, t 


Fig 3 Portion of equilibrium surface protected on 
f) 1 plane 


phases of the working substance solid, lic[uid and 
vapor 

Figure 1 is a schematic of a portion of the p v I 
surface for most real substamcs, it is chaiactcr 
i/ed by contraction of the substance on freezing 
Water is one of the few exceptions to this eondi 
tion, It expands upon freezing and its resulting 
p v^T surface is somewhat modihed wheie the solid 
and liquid phases abut 

Because a pvT surface represents all equilib 
rium conditions of the working substance anv line 
on the surface represents a possible levc^rsible 
process, or a succession of equilibrium stales 

Work of a process. One can project the three 
dimensional surface onto the p 7 plane or onto 
the p V plane to get Figs 2 and \ respec ti\ely I he 
plot on the p v plane has a spec lul signihcanc e the 
area under any reversible path on this plane repre 
sents the work done during the process The fact 
that this pt area leprebcnts useful woik can be 
demonstrated by the following example 

1 et a fluid undergo an infinitesimal expansion in 
a cylinder equipped with a frutionless piston and 
let this expansion pc'rform useful work on the siii 
roundings The work done during this infinitesimal 
expansion is the forte multiplied b\ the distance 
through which it acts 

c/r « F <// 

wherein dlT is an infinitesimally small work quan 
tity, F the force, and c// the infinitesimal distance 
through which F ac ts 

But force F is equal to the pressure P of the 
fluid times the area 4 of the piston, or P 4 How- 
ever, the product of the area of the piston times the 
infinitesimal displacement is really the infinitesi- 
mal volume swept by the piston, ox Adi ^ dF, with 
dV equal to an infinitesimal volume. Therefore 


The work term is found by integration as 

.r*- p^Pdv 

Figure 4 shows that the integral represents the 
area under the path described by the expan^um 
from state 1 to state 2 on the p \ plane I bus the 
area cm the p i plane leprescnls woik done duimt. 
this expansion proc ess 

Temperature-entropy diagram. Energy quaim 
ties may be depicted as the product of two factur'* 
an intcmsive piopeitv, and an extensive one 1 xain 



volume, V 



dW^PAdl^PdV 


Fig 4 Area under path in p-v plane is work 



pies oi »n intensive property are pressure, tempera- 
ture, and volUge; extensive ones are volume, cur- 
rent, and mass. Thus, in differential form, work 
has been planted as the product of a pressure 
exerted against an area which sweeps through an 
infinitesimal volume 

dr = PrfK 

Similarly, the energy stored in a wire stretched 
an infinitesimal amount is 

dr = -F d/ 

where F is tensile force and I is elongation. 

By extending this approach, one can depict 
transferred heat as the product of an intensive 
property, temperature, and a distributed or exten- 



F'g 5 Heat transferred during a process is area 
under path in 7' s plane. 


sive property defined as entropy, for \ liuh the 
s>mbol is s. 

If an infinitesimal quantity of heat Q is trans- 
ferred during a reversible pro( ess, this pro( ess niav 
be expressed mathematically as 

dQ = Tds 

with dQ standing for the infinitesimal quantity of 
transferred heat, T the absolute temperalure, and 
d\ the infinitesimal entropy quantity. 

Further, a plot of the change of state of the sys- 
tem undergoing this reversible heat transfer can be 
drawn on a plane in which the coordinates ^ire ab- 
solute temperature and entropy ( Fig. 5 ) The total 
heat transferred during this process equals the 
area between this plotted line and the horizonla 

axis. . t 

Reversible processes. Not all energy contained 
in or associated with a mass can be converted into 
useful work. Under ideal conditions, only a fra^ 
tion of the total energy present can be convert^ 
into work. The ideal conversions which retain the 
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niaximum available useful energy are reversible 
processes. 

Characteristics of a reversible process are that 
the forking substance is always in thermodynamic 
equilibrium, and the process involves no dissipa* 
tive effects such as viscosity, friction, inelasticity, 
electrical resistance, or magnetic hysteresis. Thus, 
reversible processes proceed quasistatically so that 
the system passes through a series of states of ther- 
modynamic equilibrium, Iwth internally and with 
its surroundings. This series of states may be trav- 
ersed jijbt us well in one direction as in the other. 

If there are no dissipative effects, ail work done 
by the system during a process in one direction can 
be returned to the system during the reverse proc- 
ess. When such a process is reversed so that the 
svstem leturns to its starting state, it leaves no evi- 
dence of the events on the surroundings or in the 
\^orklng suh-itance after it returns to its initial 
stale 

It IS ivnpossihle to satisiy these conditions of a 
qudsjstjtu process with no dissipative effects: a 
reversible process is an ideal abstraction which, 
although useful tor theoretical eulciilations, never- 
theless, IS not realizable in practice. 

'lliere are five significant reversible processes 
(CfC IsiNTHOPK PHOCI-SS; IsOB^RIC PRCKkSS; ISO- 



polytropic 



Fig. 6. P-v and T^s plots of revorsibie procoiios for 
0 porfect gas. 



S|V Tli*i«iMKlyiiCHiilcs (chemicol) 

MfeTRIG PROCESS; ISOTHERMAL PROCESS; PoLY- 
TRopic process). In four of these, one parameter 
is ccknetant (Fig. 6). All are idealized processes 
and are for a closed or nonflow system consisting 
of an ideal gas. 

hTivtnlbie processes. Actual processes of a 
gas deviate from the idealized situation of a quasi- 
static process devoid of di<4sipative effects. The ex- 
tent of the deviation from ideality is correspond- 
ingly the extent of the irreversibility of the proc- 
ess. 

Real expansions take place in finite time, not in- 
finitely slowly; and these expansions occur with 
friction of rubbing parts, turbulence of the fluid, 
pressure waves sweeping across and rebounding 
through the cylinder, and finite temperature gradi- 
ents driving the transferred heat. These di‘^sipative 
effects, the kind of effects that make pendulums 
and yo-yos slow down and stop, also make the work 
output of actual irreversible expansions less than 
the ideal work of a corresponding rcveisible pnx- 
ess. 

Vapor process. Figure 1 presents a three-dimen- 
sional surface in pressure-volume-temperatiire co- 
ordinates. This surface contains all equilibiiiim 
states that the working substance can occupy. In 
the portion of the surface outside the liquid-vapoi 
dome, where temperature is high and piessure is 
low, the working substance behaves as though it 
were a perfect gas. Attractive forces afipear to be 
negligible between any two of the moletules in a 
low-pressure, rarified gas. 

In the region )ust outside the dome, the gas is re- 
ferred to as a vapor. When a gaseous system fol- 
lows a process path whii'h approaches the liquid- 
vapor dome on the thermodynamic surface (that is, 
when higher pressures or lower temperatures are 
attained ) , attractive forces appear among the more 
crowded, slower-moving molecules, and the behav- 
ior differs from that of a rarified gas. If the path of 
the prof ess cuts through the liquid-vapor dome, 
theie is a change of phase, and some of the vapor 
condenses to form liquid droplets in the gaseous 
vapor. 

If heat is added at (‘onstant pressure to a mix- 
ture of liquid droplets and steam vapoi, the result- 
ing constant pressure process includes an expan- 
sion of the vapor, doing woik, as the droplets of 
liquid vapoi ize at a constant temperature and pres- 
sure. When no liquid droplets are left, additional 
heal input expands the vapor, but this expansion is 
now accompanied by a temperulure rise, producing 
a superheated vapor. 

If a rigid tank is filled with such a superheated 
vapor, and if heat is removed from the tank, the 
system undergoes a constant volume process. No 
work is performed in such a process, but the trans- 
ferred heat is exactly equal to the reduction in in- 
ternal energy stored in the system. This constant- 
volume cooling causes the vapor to lose both pres- 
sure and temperature until the state path crosses 
the saturation dome. After that, further cooling 


produces not only a reduction of pressure and tem- 
perature, but also some condensation and “rain’' 
within the rigid tank. [j ,5 | 

Bibliography: G. A. Hawkins, Thermodynamics 
2d ed., 1951; J. H. Keenan, Thermodynamics, 
1941; J. H. Keenan and F. G. Keyes, Thermody^ 
namic Properties of Steam, 1936; J. F. Lee and 
F. W, Sears, Thermodynamics, 1955; H. C. Weber 
and H. P. Meissner, Thermodynamics for Chemical 
Engineers, 2d ed., 1957; M. W, Zemansky, Heat 
and Thermodynamics, 3d ed., 1951. 

Thermodynamics (chemical) 

The application of thermodynamic principles to 
problems of chemical interest, notably the estab- 
lishment of criteria for spontaneous change and 
equilibrium in chemical systems, the effects of 
variation of expeiimental conditions on the proper- 
ties of materials, and the energy changes a(- 
companying physical and chemical processes. The 
relations employed are ^developed from three gen- 
eral principles, the first, second, and third laws of 
thermodynamics, which are postulates summarizing 
fonclusions drawn from experimental evidence 
obtained in the study of material systems. These 
laws arc not considered subject to proof; their 
acceptanie Is based on the validity of the results 
thereby obtained. 

Basic concepts. Thermodynamics is commonly 
concerned with the interaction of a system (the ma- 
terial of interest) with its sin roundings (every- 
thing else). An isolated system undergoes no inter- 
action with its sui roundings; for an open system, 
the interaction may include an exchange matter, 
whereas for a closed system it (annot Any systeni 
will have a number ol interrelated jiroperties, such 
as pressiypp, volume, and number of moles of vari 
ous constituents; the term slate of the system 
refers to a condition chararleri/ed by a particular 
set of mutually compatible values for these proper- 
ties. The number of independent variables whuh 
must be specified to identify a particular state of a 
system depends on the complexity of the system 
and the expeiimental conditions to which it is 
subjected, but will never be less than two. even for 
fixed mass and composition. 

Two kinds of processes are recognized in thermo- 
dynamics, reversible and irreversible. After a re- 
versible process has occurred, both system and 
surioundings can be restored simultaneously to 
their initial states; following an irreversible proc 
ess, this is possible for one of the two, but not both. 
If a process is considered as resulting from an un- 
balance in forces between the system and sur- 
roundings (for example, an unbalance in pressure 
producing an expansion of a gas), for reversible 
performance the unbalance must be infinitesimal in 
magnitude, for the irreversible case finite. During 
the execution of a reversible process, the system is 
thus only infinitesimally removed from being in a 
state of equilibrium with its surroundings. The 



term quasi-static is often used instead of reversible 
Natural, spontaneous processes are irreversible, 
reversible performance represents for real proc 
esses a limiting condition, which in some cases 
foi example, the operation of certain electrochemi 
caJ cells, may be approached quite closely. Because 
spontaneous processes lead towaid equilibrium, an^ 
infinitesimal process taking place at equilibriun 
must be reversible. The problem of establishinf 
criteria for spontaneous change and equilibriun 
then becomes one of criteria for irreversibility 
and reversibility. 

First law of thermodynamics. Let an adiabati< 
shield be defined as one which will restrict th< 
interaction of the system and the surroundings 
the performance of work on one by the other (/ 
Uewar flask constitutes one good approximaiioi 
to such a shield.) The first law of thermodynamii 
states that for a system enclosed in suth a shield 
the work required to accomplish a given change in 
slate depends only on the initial and final states of 
the system, and is independent of the path b> which 
the change in state is accomplished. The common 
\alue of the woik term for different possible paths 
must then n*present the change in a quantitv which 
IS ail extensive piopertv of the slate of the system: 
this function is called the internal energy. £, and 
thus, for anv adiabatic process, 

AA * Aj — 

lleie E> and A’l represent the values of the inter- 
nal energy for the initial and final stales, and 
If the work done by the system. Sec Ixurnai 
r’vtm.Y, WoHK 

Suppe^se now the same change in state effeded 
iindei nonaduibatii conditions, while the preMoiislv 
implied tesliution to a closed system is main- 
tained The woik IT will no longer be equal to A£, 
and there may be defined a i|uantitv 0 such that 

Here. Q i^ termed the heat transferred between the 
system and the surioundings. This intuitively ap 
pealing relation cannot be used salisfac torily 1>\ 
itself as a statement of the first law because heat 
c an properly be defined onU in terms of the in- 
ternal energy change and work accompanying a 
process. For a differential process (infinitesimal 
change in state ) , there results 

dA = - 8 m- 

In this equation, dE represents the exact differen- 
tial of the internal energy function ; the symbols 
8q and 8m; are used to emphasize that these are 
inexact differentials in general. Heat and work have 
no meaning relative to a single state, and may be 
termed path or process functions; the internal 
energy, in contrast, has a definite value for any 

single state of the system. 

It is necessary to adopt sign conventions to dfes- 
ignate the direction of flow of heat or work. The 
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relations written above correspond to using a posi- 
tive sign for heat absorbed by, or work done by, the 
. system, a negative sign for heat transferred to or 
work done by the surroundings. 

Consider now a closed, static (no bulk motion) 
‘System under ordinary conditions such that pres- 
sure is the only mechanical force acting. The only 
work done is that corresponding to a change in the 
volume of the system, and 8 m’ « p dr. For constant 
>olume, as indicated by the subscript used below, 
the first law then gives 

dE » 

or for a finite change in state 

AA- <?, 

The heat effect (>, accompanying this constant 
volume process is then directly equal to the inter- 
nal energv ihange for the svsien This relation has 
important thermochemicai applications in con- 
stant-volume oxvgen bomb calonmelrv. Sec C\LO- 
RIMFTRY. 

Koi constant pressure, under I hr above specified 
restrictions there results 

dE “ 8</;, p dv or dE pdv ^ 8i;,, 

If there is defined a new variable, the enthalpy, 
// = A 4 PV. then 

dH = dE 4 pdv + v dp 

At constant pressure dH - dE f p dv, so that 
dH -= 87,, For a finite process at conMant pressuie, 
the heat effect (J,, is equal to the enthalpy change 
of the stem. AW. .SVc En 1 uai py. 

Sin( e A, P, Hiid y are all state functions, the 
enlhalpv must b*' also, and the change AH in en- 
tlialpv if>r a piotess again is independent of the 
path and is fixed hy the initial and final states. This 
principle is exploited m thermochf niislry, where it 
forms the basis for the indirect evaluation of heats 
of iea<tion. ft -.hoiild be noted, however, that the 
relation AH = Qp is not general, but is restricted 
to f ascs where only PV work is done. It does not 
hold, for example, for the operation of an electro- 
chemical cell, where electrical work is done also. 
.See TllhRMOClirMISTRY, 

The term heat capacity refers to the propor- 
tionality factor between the heat Sg absoil^cd by a 
system and the change dt in empirical temperature 
which results: 

hq ^ C dt 

Heat capacities may be defined in terms of any 
temperature scale desired, but in thermodynamics, 
there is employed the Kelvin absolute temperature 
scale, designated by T, whose existence is estab- 
lished through the second law of thermodynamics. 
See Hlat capacity; Tkmperatitr£. 

For a single homogeneous phase of fixed mass 
and composition, and with only pt:essure-volutne 
work nnssihle. the thermodvnamic heat canacitv at 




I* defined dirough the equa- 


iqv^C^dT 


Since 8q« *■ d£, 



Similarly, the heat capacity at constant pressure 
Cp is given by Cp - (dH/dT)p, These heat capaci- 
ties are extensive properties of the state of the sys- 
tem. 

Second law of thermodynamics. It is deemed 
impossible to formulate criteria for spontaneous 
change and equilibrium in terms of the functions 
E or H only. These problems, and that of the maxi- 
mum efficiency with which heat can be converted 
into work, can be solved through the second law of 
thermodynamics, which may be stated, following 
Max Planck, in this way: ‘Tt is impossible to con- 
struct a machine which will operate in a complete 
cycle and produce no effects other than to do work 
and exchange heat with a single reservoir.*’ 

The operation of a typical heat engine may be 
discussed in terms of the Carnot cycle in which the 
engine absorbs heat Q 2 isothermally from a reser- 
voir at empirical temperature t 2 , and rejects heat 
Qi at constant empirical temperature tj ; the proc- 
esses occurring between these two levels are adia- 
batic, and hence involve no heat ex( hange with the 
surroundings. For a complete cycle, there can be 
no change in internal energy for the engine system, 
and thus the work done per cycle must be equal to 
Qz’-‘ Qi, The efficiency of conversion of heat into 
work is then given by 


Irreversibility in operation can only decrease the 
efficiency below the maximum possible value, which 
then corresponds to reversible performance. All 
reversible engines operating between two specified 
temperature levels must have the same efficiency in 
both directions, since otherwise there could be 
constructed a composite machine, consisting of a 
more efficient engine driving a less efficient one in 
reverse, which could violate the second law by 
virtue of having the heat delivered to the former 
pumped from the lower temperature reservoir by 
the latter, at the expenditure of less work than 
that delivered by the more efficient engine. This 
combination could thus deliver work to the sur- 
roundings in cyclic operation, while exchanging 
heat with a single reservoir only. The efficiency of 
a reversible engine can thus depend only on the 
two temperature levels between which it works. It 
may further be shown that 

9i M 
Qi Ah) 

wberf f(tt) depends only on the level t,, and f(ti) 
only on the level ti. The ratio Qz/Qi thus pro* 


Tides a lektire ordefiiig of thte twe Heaiperat», 1 
levels in the absolute smse, dnoe the Inly 
tion is of reversible operation with )So specific 
tion of any working fluid. The Kehrin absolute 
temperature scale is obtained simphr by settin 
/(t,) equal to the temperature T, on this 
/(ti) "■ Ti. The thermodynamic efficiency e of the 
engine then becomes e - 1 — (Tt/Ti). The e*. 
perimental evaluation of temperatures on this 
scale is actually accomplished by gas thermometry. 
See Cabnot cycle; Heat pump; Tempebature 

MEASUREMENT. 

Entropy. Hie second law also requires the ex* 
istence of a system of a new state function called 
the entropy. Let heat in amount Sg be transferred 
to a closed system at Kelvin temperature T, Then, 
if the value of iq/T is added for each differential 
step in a complete cycle, the second law may be 
shown to be violated unless the result is zero if the 
cycle is reversible, or less than zero if any step is 
irreversible; 




T 


rev. 

5 0 

iirev. 


If the cyclic integral of any differential vanishes 
the differentia] must be the exact differential of 
some function of the independent variables in- 
volved. Since the cyclic integral of Sq/T vanishes 
for the reversible case, it follows that 8q,,.x /T 
must be the exact differential of a function which 
is a property of the state of the system. This func- 
tion is the entropy, de«iignated by symbol 5, and it 
must satisfy the relations ^ 

Reversible process dS « dq/T 
Irreversible process dS > bq/T 

The entij^py function thus provides the basis for 
distinguishing between irreversible and reversible 
processes. Although the change in entropy for a 
process is fixed by the initial and final states, the 
calculation of the change must be made for a re 
versible path, because only then is dS = bq/T. 

For an isolated closed system (£, F constant), 
since bq is identically equal to zero, the criterion 
for equilibrium is 

{dS)E»v “ 0 

for any variation from the equilibrium state. A 
necessary consequence of this relation is the equiv- 
alent requirement 

(d£)s,v “ 0 

Consider now a heterogeneous system of ir phases 
and m independent components (that is, none can 
be formed from others) under ordinary conditions, 
which implies the absence of gravitational, electric, 
and surface effects. For a particular differential 
process, the change in internal energy for phase a 
may be written as 
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The chemical potential is an intensive variable 
whose value is determined by the relative numbers 
of moles of the various constituents rather than 
the total mass of the phase. See EQUii.ianiiiM. 

PHASE. 

For any differential process at equilibrium, a 
relation of type (1) may be written for each 
phase present. It is required that 

df - L d£“-. 0 

Os—1 

subject to the constraints of constant total entropy, 
volume, and the number of moles of each inde- 
pendent component, that is, 


G»E-\-p»_TS*«H-TS 

the GibW free energy, then at constant tempera- 
ture and pressure 

ilG *“ dE + p dv — r dS 

and hence the criterion of reversibility becomes 
(iG « — 8a>n<*t, and of irreversibility dC < — 

For chemical equilibrium at constant T and A 
since there can be no net work done, dG “ 0, and 
the free energy of the system is at a minimum. 

A parallel net of relations can be written for 
constant temperature and volume in terms of the 
Helmholtz free energy A * i? - TS, The funrtionH 
A and C again are extensive properties of the 
state of the system, and d4, dG are exact differen- 
tials. 

For a single homogeneous phase, and for only 
pv work, there holds the relation of type (1) 


£ - 0 Z - 0 

a=*l a-^l aw»l 

(or all i. It may then be shown that the tempera- 
ture and pressure have the same value for all 
phases, and that the chemieal potential p, fur any 
component / has the same value for every phase in 
ivhich it is present. If the substances present are 
not dll independent, but some can react themirallv, 
the changes in the number of moles of these con- 
stituents ac'companying a differential change in the 
degree of completion of the reaction are no longer 
independent It then results that the equilibrium 
values of the c hemic al potentials of the constituents 
involved in the reaction must be related in the 
sense of the stoichiometry of the reaction equation, 
that IS, for the reaction A 2B, at e . lilibnum 
IX \ = 2/jtn. Finally, while the relations specihed 
were derived for an isolated system, they are of 
general validity, since if a system is at equilibrium 
under any conditions, the equilibrium will not be 
destroyed by putting a rigid adiabatic shield about 
the system. 

Free energy. The criteria for spontaneous 
change, reversibility, and equilibrium tor condi- 
tions of greater practical interest are readily ob- 
tained. For a closed system, the first law require* 
that 

8q * dE + p dv -h Sw^net 

where Swmt represents any work other than pv 
work accompanying the interaction with the sup 
roundings. For a reversible process T dS «* 8q, and 
hence 

TdS ^ dE + pdv + Swnet or • 

dE^pdv-TdS ^ Swnmt 

For the irreversible case. 


For H 
lesuit 


dE » TdS — pdv S Pt drit 
E 4 A ^ h TS^ G » H TS^ there 

dH - + r dP + f; M. dn, (2) 

»-i 

dA « —SdT - Pdv 4 22 Ptdrit (3) 

i— i 

dC « — S dr 1’ dP 4- 22 M* dwg (4) 


Thus, there follow the eciuivalcnt definitions for 
Pu 


p% - 


dE\ 

/dH> 

V 

dn,/s,8.n,^ 

Vdnij 




i 





The vaiiation in the chemical potential pi with 
composition and other variables is expressed 
through the fugacity function or, more commonly, 
through its thermodynamic activity 


Pi " pf^ ET In ai 


Here px represents the chemical potential for the 
state of activity and /ll,*' the value of pi for a 
selected reference state at the same temperature. 
The activity concept and its application to the 
treatment of chemical equilibrium are consider^ 
elsewhere. See Activity (thermodynamics) ; Free 
energy; Fugacity. 

Since dG is an exact differential, Eq. (4) shows 
that 


ac\ 

^9T) p,einap 


-s 



tH TlMrm«|yiMmkt (diamical 

F«r 9 process involving only pv work, then 

/dAG\ MI 

Ur;p.„„p“ T 'T ^ ^ 

or 

V dT r 

This is the Gibb«i-Helmholtz equation; since the 
thermodynamic equilibrium constant K is given by 
AC® = — iJT* In K, where AC® is the free energy 
change for the reaction for standard conditions, 
the rale of change of K with temperature is fixed 
by 

/d In K\ A//» 

\ 57 /p “ R7^ 

Here Atf ® is the standard heat of reaction. 

As an example of the calculation of the effect of 
experimental conditions on thermodynamic proper- 
ties, consider the effect of pressure on the enthalpy 
of a pure substance. From Eq. ( 2 ) above. 



Since dG is an exact differential, it follows from 
Eq. (4) that 


and hence 



For an ideal gas 


r 



and its enthalpy is independent of pressure; for 
real gases at moderate pressures {BH 'dP) y, though 
not zero, is usually small, and this is why heats of 
reaction in the gas phase are ordinarily relatively 
independent of pressure. 

Third law of thormodynamics. Only changes in 
E, H, and C c*an he measured experimentally. 
For the entropy, however, what are in effect abso- 
lute values ran be determined from thermochemi- 
cal data. Consider a pure solid such as copper, for 
which there is a single stable crystalline form for 
the range from room temperature to 0®K. Then 
dS = T, q = C\d7\ 


S(rK,P) - .S(0"K,P) - fj 

The integral may be evaluated from specific heat 
data combined with an extrapolation based on the 
Debve theory of specific heats. (For a substance 
having more than one stable phase in the tempera- 
ture range considered, in addition to an integration 
over the range of existence of each phase, there 
will be a contribution from each phase transition 
of the form where is the latent heat 

of transformation from phase a to j0, and 7,,^ the 
corresponding temperature.) The third law of 


thermodynamics then states that &(0®K) may be 
set equal to zero for a perfect cryatalline solid 
(Note that entropy effects associated with isotope 
mixing and nuclear spin degeneracy are ignored 
here. See Entropy. ) The third-law entropy S(TJP) 
may then be calculated. Comparisons of such ex- 
perimental values with those calculated by statisti- 
cal thermodynamic methods have provided evidence 
for the validity of the third law in appropriate 
cases, and in others, through examination of ap. 
parent discrepancies, have lead to new conclusions 
concerning the structure of the solid (ice, nitric 
oxide), or information on the energy level system 
for the molecules, as in the case of restricted rota- 
tion in ethane. 

The calculation of thermodynamic properties for 
a gas from the properties of the individual mole, 
cules is an important tool in modern thermodynam- 
ics. See Statistical MF.f hanics. 

Thermodynamics of irreversible processes. 
Classical thermodynamics is primarily concerned 
with calculations for 'reversible processes, and 
deals with irreversibility in terms of inequalities. 
A (]uantitative treatment of irreversible processes 
in systems slightly removed from equilibrium is an 
important recent development. The rate dS'/dt of 
production of entropy resulting from processes 
within a system, as distinct from effects of interac- 
tion with the surroundings, is c<irrelated with the 
fluxes /, and generalized forces, or afliiiities, V, 
through the relation: 


dS' 

dt 


Ey.v. 

t 


Typical forces of interest arise from mass and tern- 
tierature gradients. The resulting fluxes include 
ordinary diffusion due to the former, and heat con- 
duction due to the latter. In addition to these 
so-called diiect effects, coupled effects or interac- 
lions occur; these include thermal diffusion (a 
mass flux due to a temperature gradient), and the 
Dufour effect (energy flux due to a mass gradient). 
The fluxes must then be related in a general wav 
to the various affinities, and a linear dependence is 
assumed for svstems close to equilibrium: 


t 


The quantities are called the phenomenological 
c oefficients. If / (), there then exists a coupling 
between processes / and k. It has been shown by 
1 ars Onsager that through adoption of certain 
definitions for the fluxes /, and their conjugate 
affinities it is possible to make the set of phe- 
nomenological coefficients symmetric, that is, 
These conditions constitute the Onsager 
reciprocal relations. Proof of this proposition rests 
on the principle of microscopic reversibility, which 
requires that in a system at equilibrium, any mo- 
lecular process and its reverse take place at the 
same average rale. 

It cannot yet be clear how far-reaching the ap- 
plications of this theory will be, but it provides an 



•pproadi to the treatment of the thermodynamics 
of die steady state, and of any process involving 
coupled flows. See Equilibriuii , chemical. 

[P.B.] 
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Thermoelectric power generator 

A device that converts heat energy directly into 
electric energy by using the Seebeck effect. A 
thermoelectric generator is composed of at least 
two dissimilar materials, one junction of which is 
in contact with a heat source and the other junc- 
tion of which is in contact with a heat sink. 

The power converted from heat to electricity is 
dependent upon the materials used, the tempera- 
tures of the heat source and sink, the electrical and 
thermal design of the thermocouple, and its load. 

Thoory and operation. All the thermoelec- 
tric effects are related to the transport properties 
of electrons in materials. The most important 
transport parameter for analysis of thermoelectric 
phenomena is called the Seebeck coefficient, which 
is the open-circuit voltage per unit temperature 
difference between the hot and cold junctions. The 
Seebeck coefficient is also called the thermoelec- 
tric power. For definition and typical values, see 
rilFRMOELECTRK ITY 

A single two-element generator is shown in Fig. 
1. One leg is n-type semiconductor material; the 
other is p-type material. The effective composite 
parameters of this simple generator are the total 
Seebeck coefficient of the junction S, the total in- 
ternal resistance r, and the total thermal con- 
ductivity K. If the Seebeck coefficients ot each leg 
S„ and Sp, the electrical resistivities of each leg 
p„ and p,„ and the thermal conductivities of each 
leg kn and kp are all assumed to be independent 
of temperature, the composite parameters can be 
defined as 

S-Sp-Sn« ISpl + lSnl 

_ 4_ 

Ap 


where Z„. Ip and An,\ refeJ to the length titd area 
of the n-type and p-type material. 

The thermocouple of Fig. 1 operating aa a gen- 
erator has a heat source of constant temperature 
Th, a heat sink at temperature T» and an elwtn- 
cal load of resistance R. The efiiciency ® 
generator is the power out I^R divided by the h«t 
in Qin, which consists of the Peltier heat STpf, the 
conlction heat KiTn-Tr) lea. ® 

Joule heat /V liberated in the thermocouple legs. 


PR 

Qin " srij+#r(rs-7V) -H/v 
T^ efficiency does not consider losses is main” 
tabling the temperature Ti, and is therefore not a 
total efficiency including heat-source losses. 

The ratio of load resistance R to internal resist- 
ance r is defined as m * fl/r, the open-circuit 
voltage is F. - S(rj,— Tr), and the current is 
^ “ Fo/(Jl-fr). Using these quantities the effi- 
ciency expression becomes 


n-r. 

Th 


/m-i-lN ITk-T,/ 1 ^ 

\ZT,J 2 n \m + lj. 


where Z, the figure of merit, is 


If efficiency is optimized by selecting m to give 
optimum loading, the efficiency expression becomes 

n-r.TM- i“i 

’’ ’ Tk : n 


where M « 


1-0 




This efficiency for an optimum load consists of a 
Carnot efficiency 

Tk-T, 



Rg. 1. Simple tharmosfecirk: generator. 
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FIq. 2. Relation of efficiency to temperature of heat 
source for a constant temperature of the heat sink of 
300^ K. Different curves are for different vaiues of 
the figure of merit Z. 


and a device efficiency 



The device efficiency rja will be a maximum value 
for the largest value of M. For a fixed Tn and Tc 
this requires a maximum value of Z, the figure of 
merit. Z depends upon the material parameters 
Sp, ftp, pp, Sn, An* pn and the dimensions of the two 
legs Apf Zp, Afif In* Maximizing Z with respect to X 
(the area-to-length ratio of the legs) gives 


when 


LAppnJ 


A pin y 

Anlp “ 


For the optimum area-to-length ratio of the legs, 
the figure of merit Z depends only upon the specific 
properties of the thermoelectric materials. The 
effect of Z in determining the efficiency is shown in 
Fig. 2, where ly is plotted versus Z and for a 
fixed cold temperature Tf » 300^K. 

In general, the parameters S, A, and p are not 
independent of temperature, and in fact the tem- 
perature dependence of the n and p legs may dif- 
fer radically. The simple figure of merit shown 
above does not apply to the temperature-dependent 
case. The general solution of the thermocouple 
with temperature-dependent parameters is difficult 
even if parameters and temperature dependence 
are known, and requires numerical methods. 

Several approximate methods for treating tem- 
perature-dependent parameters have been pro- 
posed. A. H. Boerdijk has shown that there is no 
gain in performance by varying the cross section 
of the elements along their length. A. F. Ioffe has 
proposed that replacing (Sp — Sn), Appp, and 


Anpn by their average over the temperature rante 
in the figure of merit equation of dm temperature- 
independent thermocouple is a reasonable approxi- 
mation. C. Zener has proposed that the thermo- 
couple with temperature-dependent parameters be 
treated by considering an infinite series of dif. 
ferential thermocouples with each material 
matched to its optimum load. 

To check the Ioffe and Zener approximations 
against several exact calculations, B. Sherman 
R. R. Heikes, and R. W. Ure, Jr., assumed three 
hypothetical thermocouples and calculated the 
efficiency by all three methods, using numerical 
calculations on a digital computer. These calcula- 
tions show that both approximate methods— 
average parameters (Ioffe) and infinite staging 
(Zener) — lead to reasonably correct results, yield- 
ing accuracy of the order of 

State of the art. The present state of the art 
in materials development indicates that existing 
thermoelectric p and ri materials operate from 
300 to 1300^K and yihld an over-all theoretical 
thermal efficiency of 18%. The most widely used 
generator material is lead telluride, which has a 
maximum figure of merit Z of approximately 
1.5 X 10~^ reciprocal degrees Kelvin. It can be 
doped to produce both p- and n-type material and 
has a useful temperature range of about 300- 
700°K. In segmented couples at the low-tempera- 
ture end, bismuth telluride and its alloys are 
sometimes used. Couples of bismuth telluride and 
its alloys can be obtained both as raw materials 
and as finished couples. Lead telluride is similarly 
available commercially. # 

Thermoelectric generators have been built in 
sizes up to 5 kilowatts. Primary energy sources arc 
hydrocarbon fuels, radioisotopes, and solar energy. 

The maximum theoretical thermal efficiency for 
materials over a temperature range of 300-1300''K 
is approximately 18%. The best actual thermal ef- 
ficiency of a physically constructed device is be- 
tween 6 and 10% and is obtained by operation be- 
tween 300 and 950°K. The over-all conversion effi- 
ciency of hydrocarbon-fueled generators is 2-3%; 
and over-all efficiency of radioisotope generators is 
approximately 5%. Specific powers of 12 watts /lb 
have been obtained, but recent advances in electri- 
cal contacts indicate that higher values are obtain- 
able. 

Major problems still exist in the development of 
materials with higher figures of merit that are 
capable of operation at higher temperature. Even 
with present materials, there are severe engineer- 
ing problems involving such items as low electrical 
and thermal contact resistances, mechanical 
strength to withstand thermal and mechanical 
shocks, minimum heat losses due to packaging of 
thermoelements, efficient fuel combustion, heat 
transfer from heat source to thermoelements to 
heat sink, packaging to minimize weight, and long- 
term contamination of thermoelements by diffusion. 

The present state of the art can probably best 
be summarized by stating that thermoelectric gen- 



isttwn have been built and are under conatruotion 
for nany special applications. [d.c.wh.] 
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Thermoelectricity 

The direct conversion of heat into electrical en- 
ergy, or the reverse. By usage, the term is restricted 
to three processes in solid and liquid conductors: 
the Seebeck effect, the Peltier effect, and the Thom- 
son effect. The last two are really detailed treat- 
ments of the first effect. These three, along with 
the irreversible joulean heating and conduction of 
heat, comprise the foundation of thermoelectricity 
(see* Joule’s law). Because the meaning of the 
term thermoelectricity had become fixed years be- 
fore their discovery, other electrothermal phenom- 
ena, such as thermionic emission, the production 
of power therefrom, magnetic refrigeration, and 
many others, are excluded. See Chyocenics; 
Thebmionic emission. 

Thermoelectric effects now have significant ap- 
plications in science and engineering, and dKow 
promise of more importance in the future. These 
applications principally concern the measurement 
of temperature, generation of power, cooling, and 
heating. Methods for temperature measurement 
have been highly developed and permit great ac- 
curacy and extreme sensitivity. Applications to 
power generation, cooling, and heating are still m 
the process of development, but show n- .reasing 
promise, particularly since the advent 
ductors. A great deal of research toward the direct 
thermoelectric generation of electricity « 
prodigal heat from nuclear reactors is “"J**^*^ 
present. Cooling units based on 
fects have been constructed in sizes up to that of 
home refrigerators. Development 
heating is not as far along as the ^ 

are indications that it will have important uses. 


Cu 



seebeck effect 

T. J. Seebeck discovered in 1821 that 
cuit composed of two different metals, a magnetic 
needle wSl move if thd two junctions are at diffe 

beck's experimcittal apparatus ( F g. ) * 

.f ud ^ 

cal in the magnetic meridian, w 

junction was wttmrf. V/^rterpretation of 
moved toward the east. Today 


fForm V.U 

Fig. 1. Diagram of apparatus used by Seebeck. 

this phenomenon is that (1) there is a continuous 
electric current in the circuit; (2) it flows from 
Bi to Cu at the warmer junction and from Cu to Bi 
at .the other (cooler) junction; (^) if the tempera- 
tures of the two junctions were interchanged, the 
current would be reversed; and (4) there is an 
emf E in the circuit. The distribution of E in the 
conductors will be deduced later from the Peltier 
and Thomson effects. 

Seebeck rejected the idea that an electric cur- 
rent was present. He proposed that the earths 
magnetism is produced by the temperature differ- 
ences between equator and poles. In order to estab- 
lish his views, he undertook experiments on solid 
and liquid metals, alloys, ores, and semiconductwa. 
The value of his work depends, not upon his hy- 
pothesis, but upon his discovery of a basic phenom- 
enon and upon the extent and dependability of hia 
data which are still of scientific interest. 

The name thermocouple is given to the type of 
circuit shown in Fig. 1, composed of two 
conductors of dissimilar materials A Aim B* the 
ends of which are joined at points called junctions. 
Of paramount interest are the tempera^JW of the 
two junctions and the dependent emf E (which is 
variously called Seebeck emf, total themal emf, 
and thermoelectric emf). The current is incidwtol 
and is derivable from E by Ohm’s law. It may be of 
the order of microamperes or hundreds of amperes 
in the same thermocouple. 

ThermoBtectrIc (or SotlMck) omf. Figure 2 

shows a thermocouple uaed iu making precise 
measurements of E. The end junctions of the con- 
ductors A and B are kept at controlled tiunpera- 
tures To and T by immersion in or th^ co^ 
oHng to baths or heat reservoirs. Theae are 
, indicated by the dotted rectangles. One of Ae 
ductors, B, is cut, and a measuring 
inserted in the gap JiJs 

perature uniformity. A potentiometer is to 

measure the open circuit emf becauM no coriwt 

through the Aermocouple la ^5^3 

with the accompanying loasoa to E and 
dSwWnk influences on the various tempwatttres 
involved, » avoided; and Ae voltage re^uy ■» 
independent of the reeistancea in Ha Su 

POTENTIOMETEa (VOLTACE MZMVUUM ) .^ 

The following propoei^ abort E to 
eottple are the laault of eitpeniWBitol and tAgg 





Fig. 2. Diagram of apparatus usually used for meas- 
uring thermoelectric (Seebeck) emf. 

studies. Units employed in this discussion are as 
follows: potential and emf, in volts, millivolts 
(mv « 10”* volt), or microvolts (jxv * 10"® volt) ; 
current, in amperes; electrical charge, in cou- 
lombs; and work, energy, and quantity of heat, in 
joules. 

In a circuit kept at a uniform temperature, 
E ^ 0 even though it may be composed of various 
dissimilar conductors. This statement can be de- 
duced by thermodynamical reasoning. If £ 0, a 

motor inserted in the circuit could do work, but the 
only source of energy would be the heat in the sur- 
roundings, which must also be at the same temper- 
ature. Thus, there would result a contradiction of 
the second law of thermodynamics, which states 
that this energy, even though present, would not 
be available for work. 

Law of Magnus. This law, also known as the law 
of the homogeneous circuit, states that E depends 
only upon the temperatures of the two junctions 
and not upon the temperatures distributed (tem- 
perature gradients) along the conductors between 
the junctions. Apparent failures of this law have 
been traced, for the most part, to a lack of sufficient 
homogeneity in the conductors, meaning that the 
wires contained thermoelectrically dissimilar sec- 
tions. The term homogeneity has been found ex- 
perimentally to cover a state of strain as well as 
variation in chemical composition; an unstrained 
and a strained piece of wire from the same spool 
will show a Seebeck emf when made into a thermo- 
couple. The presence of dissimilar sections in a 
thermocouple wire entails junctions . whose tem- 
peratures depend upon the temperature gradient. 
Such potential differences are called parasitic 
thermo emfs. 

For greater accuracy, then, the law of Magnus 
should specify that the conductors be homogene- 
ous. Strictly speaking, as P. W. Bridgman has 
pointed out, they should also be isotropic. Experi- 
ments have shown that two rods cut from a non- 
cubic single metal crystal in different directions 
may be thermoelectrically dissimilar, although 
highly homogeneous. Strict adherence to this con- 


dition would rule out all conductors except sin^e 
crystals, polycrystalline wires on the cubic crystal 
system, and liquid metals. PolycrystaUine wires of 
noncubic metals will, however, serve very well for 
thermocouples if the crystal grains are small 
enough and their arrangement haphazard enough 
to pass simple tests for verifying thermoelectric 
uniformity. The law of Magnus will be assumed 
hereafter in the discussion. Finally, strains accom- 
panying temperature gradients in solids and pres- 
sure gradients in liquids undoubtedly occur, but 
their thermoelectric effects are negligible. See 
Crystal structure; Single crystal. 

Effects of junction temperatures. Values of E 
versus To and T (Fig. 3) are reproducible to a high 
degree of precision (of the order of a microvolt or 
less) for a given thermocouple. The relationship is 
empirical and cannot be predicted from theory, ex- 
cept roughly. Neither can it be predicted from the 
performance of another thermocouple of sup- 
posedly the same materials. It is determined by 
measuring E for a set of junction temperatures 
which are known, such as melting points and the 
equilibrium temperatures for other changes of 
state of reference substances. The process is called 
calibration. The results may be embodied in tables, 
graphs, or an equation. Usually one junction tem- 
perature, To, is kept constant while the other, T, is 
varied. They are called the reference temperature 
and the variable or running temperature, respec- 
tively. In laboratory work, the reference tempera- 
ture is usually O^C, while in industry it is nearer to 
room temperature. Transformation from one sys- 
tem of reference temperature to the other Ts simple. 
In Fig. 3, To and T are 0°C and respectively. 
The graphs are idealized and do not apply to any 



Fig. 3. Illustrative graphs of Seebeck emf and thermo- 
electric power. Reference junction at O^C. E ond s ttre 
written for ®i*d 



particular materials, but they suffice to bring out 
broad features without violating any principle. A 
formula that often fits the data fairly well over 
ranges of 100°C or more is 

£ - of + (1) 

where a, b, and c are constants, and t is the tern- 
perature of one junction in degrees centigrade; 
the other junction is at 0®C. 

Consistency demands a more detailed symbol for 
£, such as Eah{T^T{)), where A and B specify the 
two materials and T > To. The order of the sub- 
scripts indicates, by definition, that the positive di- 
rection of the emf is from A to B at the cold junc- 
tion and continued around the cinuit. This 
definition of direction is commonly followed in pub- 
lished data; the reverse of it is more convenient 
for theoretical work. That Kab is a function of T 
and To is expressed in the conventional wav by the 
use of parentheses. By way of illustration. Table 1 
gives the .Seeheck emfs of iron, antimony, and bis- 
muth successively against copper for junction tem- 
peratures 1®C and 0°C. 

Table 1. Seebeck emfs for several couples 


('ouple 


Knif. 

MV 

Cu nt 

1®C, 0°C 

i 

/t^Sh-Cii at 


-H32 

fvHi Cu at 

i°(:, o®(: 

-72 8 


Seebeck’s experiment (Fig. 1) indicates that a 
current is flfiwing from Cii to Bi at the cold ) unc- 
tion. This is expressed in the last equation b\ the 
order of the subsc-ripts on the left, taken »‘dth tlie 
negative sign on the right. Thermoelectric power 
is the name given to E\n (T -i l.D or, more pre- 
cisely, to the limiting value of E\\\{T -f A7',7'l /Ar 
as A/ approaches 0. Praclicall>, the nurneiical dif- 
ference is unimportant. The figures given on the 
right in Table 1 are numerically appioximatelv 
Cfiiial to the thermoelectric powers in /jv/°C at 
()®C. These quantities serve to compare what can 
be expected from various couples (Table 2). 


Table 2. Thermoelectric powers at OX of some metallic 
elements against copper as reference metal; e, gv/”C 


Se 

Te 

Ge 






+997 

+397 

+297 






Sb 

Fe 

Li 

Ce 

Mo 

Zd 

Cu 


+32 

+13.4 

+8.7 

+4 4 

+3 3 

+0 ,3 

0.0 


Tl 

W 

Cs 

Sn 

Pb 

A1 

Pt 

Ha 

-0 8 

-1.1 

-2.4 

-2.6 

-2 8 

-3.2 

-5 9 

-6.0 

Na 

K 

Co 

Ni 

Bi 


s. 


-7.0 

-14.3 

-20.4 

-20.4 

-72.8 





Law of intermediate temperatures. Tf To, Ti, and 
T 2 are temperatures in ascending order of magni- 
tude. 


Ej,B{Tt,To) +EAa{T2.Ti) ^ E^»^T2.To'^ ( 2 ) 

Thus, the algebraic sum of the two Ea in Fig. 4o 
equals the E of Fig. 46. Even if f i i» not interme- 
diate in magnitude, the equation holds, since the 


Tlwtiii e a to BMktty S!ff 



(O) (b) 

Fiq* 4. (o, b) llluilralien of th* If of intormodiofs 

temperatures; M, instruments for measuring potential. 


signs wiJl take care of themselves. Illustration of 
this law appears in Fig. H also. 

The law is not surprising, liecuuse it can be es- 
tablished by Eqs. (5) and (7) that 

E^o(TuTo) = fiTi) -/^Tu) 
t\n(T,Ti) - f{T:) ~ f{T,) 

On adding, 

E\h{T^So) 4 E\i\{T2.T\) 

« /( Tu ) — F( Tfi) =* A\ii(T2,ro) 

This corresponds physicallv to opening the junc- 
tions at Ti(Fig 4r/| and uniting the conductors A 
to A and B to B, thus forming the single couple in 
Fig. 4ft. The jirot css is analogous to connecting two 
voltaic cells in series. Thermoelectric power, lieing 
a function of temperature, may be n>mbolized by 
c\m(T). 

A '-onvenient way of writing Eq. (2) h 
Furi7VTi) = FAiriTa.To) -Ej^uiTuTo) {2a) 


First, this relation shows that E for any two junc- 
tion temperatures is obtained simply from data 
based on a fixed reference temperature by taking 
differences. Next, it shows that if the reference 
temperature is shifted (for example, from To to 
Ty). the new values of K differ from the old by a 
constant, namely, the last term above. Tz becomes 
the running temperature T. In Fig. 3. this shift 
amounts to moving the origin of coordinates to a 
new point P on the curve of E\u versus t. Finally, 
returning to To as the reference junction, and sepa- 
rating Ta from Ty by AT, Eq.. {2a) may be written 

EmAT -h ATJ)/AT « AfiAufT.Tol/AT 

which is independent of the reference temperature 
To. In the limit as AT « 0, the equation becomes 


«ab(T) 


rffixBfT.To) 
dT 
dE\ 


or better eA«(T) 


(3) 



iiiiee die tenne are independent of To. Here the 
left4uuid member is the thermoelectric power while 
the derivative on the right is represented by the 
slope of the S-T curve. Fig. 3, for any reference 
temperature. As an illustration, Eq. (1) yields 
«AB e + bf + ct* or, if c is neglected, cab * 
a+bt (aB is assumed for Fig. 3) . The plot of this 
is the straight line MN^ which crosses the t axis 
at called the neutral temperature, and takes on 
negative values beyond. The temperature at which 
E reverses, ti, is called the inversion temperature; 
tn • —a/6, and f, is given by the solution of 

of + % « 0 

The results would be expressed in degrees centi- 
grade. Graphs of actual values of e, especially for 
temperature ranges of the order of 1000®C, arc far 
from straight lines, but no new principle is in- 
volved. The values of e given in Table 2 are ar- 
ranged in descending order. The order may be dif- 
ferent at temperatures other than O^C. Iron and 
copper, for example, reverse their order above 
or about 500®C. 

Law of intermediate metals. The second of the 
two additive relations states that 

EmATJo) + Enc(ToTo) = E^c(TJo) (4) 

It is evident that, if the two couples AB and BC 
in Fig. 5a are merged, all emfs in the metal B will 
cancel so that B may be removed, and the over-all 
emf becomes EabCT.To). An important corollary is 
illustrated in Fig. 5b, where a third metal B is in- 
serted in a thermocouple AC as shown to make 
junctions at equal temperatures. Eac is not 
changed thereby. Thus the use of solder or welding 
at junctions will not alter E, 

For similar reasons (Fig. 2), the readings of M 
will not be in error provided that the temperatures 
of the junctions Ji and J2 are equal and that J1MJ2 
is composed of homogeneous material, or if it is 
not homogeneous, that the whole of the material 
also is at the same temperature. The juncticms Ji 
and J2 are kept at the same temperatures by im- 
mersion in a bath, which often is that of To. In order 
that Table 2 may be used generally, Eq. (4) may be 
written 

Ekb(T,To) - Eac{ToTo) — Ebc{T,Tq) (4o) 
By differentiation, 

cabIT) - eAc(T) — eBc(T) 

Application to Sb and Bi in Table 2 yields 
«BbBi ■■ csbcu — CBiCu ■■ 32 + 72.8 ■■ 104.8 ;av/®C 

at O^C, which shows how to use such tables for com- 
paring various pairs of metals. A similar rule holds, 
of course, for the Es. The further apart two metals 
are found in the series, the more powerful is the 
couple formed from them. Seebeck constructed an 
extensive and still useful thermoelectric series 
whose order agrees very well with present-day find- 
ings. 

Two phenomena, already mentioned, remain to 
be considered. One, the Peltier effect, interpreted 



Fig. 5. (a, b) Illustration of the low of intermediote 
metals. 

according to the energy conservation law, serves to 
localize a part of the Seebeck emf at the junctions 
Similarly the second, the Thomson effect, serves to 
find the remainder distijibuted along the two con- 
ductors in terms of the temperature gradients pres- 
ent in them. The two effects taken together are 
essential to the proofs relating thermoelectricity 
to the mechanical theory of heat, that is, to ther- 
modynamics. This step stands out as one of the 
landmarks in the development of the physical 
sciences. .See Thfrmodynamics (chfmkal). 

PELTIER EFFECT 

In 1834, J. C. A. Peltier discovered the phenome- 
non which is chiefly the reverse of the Seebeck 
effect, namely, that cooling or heating of the ] unc- 
tion of two dissimilar metals occurs wheif an elec- 
tric current passe.s through them Experiments 
were made with conductors containing sections of 
many different metals and carrying weak currents 
Where c<^per and bismuth ( among the first metals 
investigated) were joined, a temperature rise was 
observed when the current was directed from Cu to 
Bi and a fall when the current was reversed Both 
cases are illustrated in Fig. 6 at the first and second 
junctions, respectively, counting from left to right. 
The respective junction temperatures are Ti and 
7*2, of which 7*1 is the higher. Peltier established 
this, first with separate thermocouples, and later 
with volume changes of a gas in bulbs surrounding 
the junctions. Obviously there is an outflow of heat 
at the first junction and an inflow at the second, be- 
cause the temperature of the room would be be- 
tween Ti and r 2 . T’l and 7*2 would reach equilibrium 
values finally, and the processes would become 
steady. A second experimental fact is important in 
this connection Quintus Icilius (1853) showed 
that the rate of heat output or intake Is propor- 
tional to the current i, A third pertinent experi- 
mental fact is that no physical or chemical change 
has ever been detected in the conductors while a 
steady current is flowing through them and the 
temperature is constant. Therefore, the internal 
energy of the conductors does not change. 

ThtOiy. Theoretical discussion of the Peltier ef- 
fect is simplified if the current is assumed to be 
small. The ratio of the rate of joulean heating to 
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Fig. 6. Diagram illustrating Peltier effect. Small current i directed to right. 


the Peltier rate of heat transfer is proportional to 
tVi* that is, proportional to L However, i may be 
taken as small as desired so that the joulean heat 
can be neglected. In this discussion, the simplified 
description of the current in terms of moving posi- 
tive charges which produce the same magnetic field 
as the actual moving charges, whatever their signs, 
is followed. Also, energy relations aie worked out 
by supposing 1 coulomb of positive charge to mo>e 
slowly around the circuit in the direi lion of the ac- 
tual current. The change in its energy in loules 
numerically equals the change in the potential of 
the field in volts Further, it is a consequence of the 
discovery of Icilius that, for every coulomb passing 
a given junction, the amount of heat intake or out- 
put is ihe same for all values of the current. The 
only vdiiables left to affect heat intake or output 
are the materials and temperature. Suppose i cou- 
lomb of positive charge passes slowly along the 
conductor of Fig. 6. At the first junction, the heat 
output in joules must equal the deer#* »se of the po- 
tential energy of the charge, internal energy 
changes and external work being eliminated. This 
decrease is equal numerically to a potential drop in 
volts at this junction. In a similar manner, thcr#» is 
a potential rise at the second junction in volts 
equal to the heat intake per coulomb. Both poten- 
tial changes are also functions of materials and 
temperatures only. The potential gradient (Fig. 
6) illustrates this; it is independent of the current 
whether direct, reverse, or zero. Therefore, the first 
junction is the seat of an opposing emf and the sec- 
ond, of an assisting emf; both emfs a^re directed 
from Bi to Cu. By a commonlv accepted notation, 
the heat intake in joules when 1 coulomb of positive 
charge passes from conductors A to B at a tempera- 
ture T is written nAB(r) and is variously called 
the Peltier heat, the Peltier emf, or the Peltier co- 
efficient. Thus, at the first junction in Fig. 6, ITcubi 
(T i) would be written, having negative numerical 
values; or -UsicuiTi), having positive values. At 
the second junction, UmcATu) would have positive 
values. The Peltier emf should not be confused with 
the contact potential of Volta effect, which is the 


potential difference developed between two dissim- 
ilar metalh when touched and separated, Seebeck is 
credited with demonstrating the difference between 
the Volta effect and the effect on a magnetic needle 
produced h\ temperature differences. Thiv conclu- 
sion was a b\- product of his exlensivc researches. 

Thermocouples. In the thermocouple of Fig. 1, 
the direction of the c\irrent i is counterclockwise. 
The temperatures of the warm and cool junctions 
are assumed to be T and To, respertivelv. The two 
Peltier emfs are directed from Bi to Cu at each 
junction irrespective of the source of the current i. 
Their resultant in the direction of i is their differ- 
ence. If there were no other emf in the circuit, 

nBicu(T) — UbicuCTo) * E 

the Seebeck emt. However, Lord Kelvin showed by 
thermodynamical reasoning that this equation 
lead** to a confli* r with experience. If 1 coulomb of 
positive charge moves slowly around the circuit, 
there will he Peltier cooling in its passage from Bi 
to Cu at T and Peltier heating at To. To maintain 
the Ts constant during this cycle, heat must be sup- 
plied at T and rejected at To. This amounts to 
transferring the emphasis from emfs to quantities 
of heat in the above equation, because the first and 
second terms also represent these heats, respec- 
tively. The third term represents the energy avail- 
able for work. Thus, assuming that the heat trans- 
fers and performance of work may be effected 
reversibly, the thermocouple may be treated as an 
ideal heat engine for which it has been shown that 
the ratio (heat intake! /(heat output) * T/To 
where the Ts are absolute thermodynamic tempera- 
tures. Therefore, in abbreviated symbols 

n - Ho - £ and Tl/Tlo - T/To * 
may be written, whence it follows that 

(n-no)/n«- (T- u/n 
or (no/ro)(r- To) 

Now if To u kept constant, as in Fig. 3, E wouU 
be an increasing linear function of T, vrihiph ia net 
supported by experiment. There could be no neg- 
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Fig. 7. Thomson effect. Lower port refers to copper, upper to iron; the two include all types of variation. 


iral or inversion lemperalures. Therelore, the sup- 
position that the Peltier emfs alone are lesponsible 
for E is untenable. W. Thomson souf^ht for addi- 
tional emfs in the body of the conductors, where he 
found them associated with temperature {gradients. 
It is obvious that the above reasoning is not limited 
to bismuth and cupper. 

THOMSON EFFECT 

The third thei moelectric effect, discovered in 
1854 by William Thomson, later Lord Kelvin, is 
essentially a reversible heat transfei between a 
homogeneous conductor carrying a current and its 
surroundings, conditioned upon the presence of a 
temperature giadient. Figure 7 is a schematic dia- 
gram of an at)paratus used by Thomson to demon- 
strate the effect. 

Theory. If the two | unctions of a theimocouple 
are located near the midpoints of the sections ClI 
and HK to make /? = 0 before the current is turned 
cm, then after the current starts, the thermocouple 
shows a finite E indicating a higher temperature in 
the “downstream” section IIK fin the case of cop- 
per). The temperature gradient is distorted, its 
maximum being shifted with the curient. This is 
true also if the current is reversed. To prevent this 
distortion, heat must be supplied to the CH section 
and abstracted from the HK section, the amounts 
being properly distributed. If 1 coulomb of posi- 
tive electricity is supposed to pass slowly along the 
conductor, this distribution may be expressed by 
<rcu(T) dT, It is called a Thomson heat and i.s de- 
fined as the heat intake (in joules) b> an> section 
at temperatures T to T + dT when 1 coulomb (-h) 
passes through it up the potential gradient. In the 
case of copper, it is up the temperature gradient 
also, that is, acuiT) is positive. It is also a uniform, 
finite, and continuous function of T. It follows that 
the section is the seat of an emf equal to <Tru(T) dT 
directed up the potential and temperature gradi- 
ents. The case for iron (also investigated by 
Thomson) would be expressed by op,.(r) dT, the 
only difference being that <tph would have negative 
values. The emf would still be directed up the po- 
tential gradient, but down the temperature gradi- 


ent. ft would have a minimum over the heater, and 
its shift would be against the starting current. The 
Thomson coefficients ocutT) and op, (T) reverse 
their signs at temperatures well below those of the 
Thomson experiments, that is, 1H0°K and 170"K. 
respectively. 

The expression for the Seebeck einf taken as the 
resultant of both the Peltier and Thomson effe 'ts 
now becomes (Fig. 8) 

Eau * 1Iah(T) — IlAn(Fo) -f (oa ~ ou) dT (5) 

where the positive direction around the circuit is 
taken clockwise, that is, Iroin A to B at the warmei 
junction. The differential form of the above 
would be ♦ 

rfllAn . , . 

dr “ dt + ~ 

obtained eiftier bv setting the limits at T and 
T -f dT or b\ a differentiation with Tu constant 
The basis of Eqs. (5) and (6) is the first law of 
thermodynamics, and according to Kelvin involves 
no hypothesis. Equation (5) does not contradict 
the law of Magnus, because the value of the inte- 
gral is a function of the limits only. Also, being in 
the form 

- tb) dT - f(T) - f{Tu) (7) 

it has proved useful in establi.shing the law of inter- 
mediate temperatures, Eq. (2) . 



Fig. 8. Combination of Peltier and Thomson emfs in 
a thermocouple. 



I^rmodynamic rdations. There remains Thom, 
sons applicauon of the second law of thermody- 
namics. Any derivation of an equation from this 
law would require conditions of reversibility. Heat 
conduction and joulean heat must be reckoned 
with because they are irreversible. No ideal experi- 
ment can be designed, however, which will render 
both processes negligible simultaneously. Thomson 
recognized the importance of this fact, but being 
convinced that the mechanisms of these two proc- 
esses were independent of those creating the ther- 
moelectric emfs, he hypothesized that they could 
be ignored. The derivation of an additional relation 
then becomes brief. Figure 9 represents a thermally 
isolated system composed of a thermocouple and 
four heat reservoirs at the absolute thermodynamic 
temperatures indicated. All heat transfers are re- 
versible. Their amounts and directions are indi- 
cated by previously defined symbols and by arrows 
which are consistent with them. If 1 coulomb (4 ) 
passes slowly around the circuit in the clockwise 
direction, the entropy of the couple remains un- 
changed because its constitution has remained un- 
changed. The total entropy loss of the reservoirs is 


riAufT 4 A T) HbaW 
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by the second law. The roinbination of the first 
two terms is 


jl /]}ah\ 

~df\ r) 


AT 


rrx c ^ /HauX , Op, - On 

There lure ~ , ( - - - ) + — - = 


dr\ r ) 


(B) 


A combination of Eq.s. (6) and (8) gives 
Hah _ dP-KW 

f ' Irr 

T ” dV 


( 9 ) 

(10) 


which are the celebrated Kelvin relations. Much 
experimental research has been done to check the 
theory. The right-hand members involve electrical 
measurentents only, which are capable of high |)re- 
oision. Measurements of JI and <t, on the left, must 
he done ealorimetrically and under extremely diffi- 
cult conditions, especially for or, so the precision 
there is poor. A disagreement of 10% and more is 
not uncommon. No experimental evidence invali- 
dating the relations has been found; yel; dissatis- 
faction with Thomson's hypothesis prompted many 
disputes and many attempts to get around the diffi- 
culty. A theory appropriately called thermodynam- 
ics of irreversible processes has arisen, based 
largely on a theorem of L. Onsager fl931) and 
certain concepts of entropy flow and entropy pro- 
duction. This theory is considered satisfactorily 
rigorous. Its treatment is too involved with other 
fields to be appropriate here. 5ee Thermodynam- 
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Fig. 9. Applications of second low of thermodynamics 
under Thomson's hypothesis. The 11 and a expressions 
represent heat transfers. 


H'S (chemical). The facts of interest are the de- 
duction of Thomson’s hypothesis from it (showing 
him to be the first to enter this field ) and that the 
Kelvin relations .still stand. 

It should be emphasised that the quantities £, e, 
II, and cr are profoundly affected by anylhing that 
alters the structure of the material of the conduc- 
tors, such as impurities, heat-treatment, drawing, 
rolling, pressure, tension, and magnetization. Any 
at(ern|)t to correlate the Peltier and Thomson ef- 
fects with other properties (»f matter would come 
under solid-state physics. 

APPLICATIONS 

Measurement of temperature, generation of 
power directly from heat, and cooling and heating 
are all chiefly applications of the Peltier effect. 

Measurement of temperature. From measure- 
ment of £, made with a thermocouple, and the em- 
pirically determined tables, curves, or formulas 
discussed under Seebeck effect, temperature values 
can he determined very accurately and precisely. 
This is one of the two most important methods in 
precision thermometry, the other being, based on 
electrical resistance. The sensitivity of the thermo- 
couple technique is startling; detection of radia- 
tion from a candle 50 miles distant is within its 
reach. The useful range of a thermocouple is lim- 
ited by insensitivity at low temperatures and in- 
stability at high. A battery of thermocouples con- 
nected in series (Fig. 10) is called a thermopile^ 
Thermocouples of copper vs a copper-nickel alloy 
called Constantan are widely used in the range 
from —169'^ C (104'’K) up to 386®C, but are com- 
pletely useless below about 15®K. Those of plati- 
num vs an alloy of platinum and ]0% rhodium can 
be used from near 0 to 1710®C. These two types 
represent the. limits of the method: Superconduc- 
tors show no thermoelectric effect. Among the 
many advantages of thermocouples are their rug- 




Fig. 10. Thermopile, a battery of couples connected 
in series. 


gedness, response, applicability to inaccessible lo- 
cations, simplicity and availability of materials, 
and adaptability to automatic measuring, record- 
ing, and control of temperatures. Couples are im- 
portant assets in steel, metals, oil, and other 
industries. Well over 200 tons of thermocouple ma- 
terials is supplied to industry annually in the 
United States. Thermoc<iupIes are aho valuable 
tools of scientific research. They are often compo- 
nent parts of instruments which measure other 
physical quantities, such as radiometers, vacuum 
gages, and hot-wire ammeters. For many decades, 
measurement of temperature was the only success- 
ful application of thermoelectric effects; today it 
may be considered practically a completely devel- 
oped art. See Tempehature measurement; Ther- 
mocouple. 

Gonoratlon of power. Obtaining power directly 
from heat was one of the first applications of ther- 
moelectricity attempted, but it soon was abandoned 
because of the low efficiencies of the conversion. 
Some small units were constructed, however, at a 
fairly early time: Peltier used a thermocouple as a 
source of current in some of his research, and (i. S. 
Ohm also used the thermocouple in the work lead- 
ing to the discovery of his famous law (1826). 
Later, thermopiles were used in telegraphy and 
electroplating. 

With the advent of the semiconductor and with 
applications of solid-state theory, interest in ther- 
moelectric effects as a source of power has revived. 
Experimentation in utilizing the heat from nuclear 
reactors as a direct source of electric power is 
being pursued vigorously in the Soviet Union, the 
United States, and in laboratories all over the 
.world. 

Future development of thermoelectric genera- 
tion of power is unlikely, except for small units. 
The conventional methods now in use probably will 
not become obsolete. The same situation exists to a 
lesser degree for refrigeration and warming. 

Pure and applied research in thermoelectricity 
at present centers around a quest for new thermo- 


electric materials better suited to pow<r genera- 
tion, heating, and cooling. Theory has i^icated a 
guide for the researcher which is applicable in 
these fields. It is a “figure of merit,” e^c/Ar, wbere 
e » thermoelectric power, c « electrical conduc- 
tivity, and k * thermal conductivity. Thu^, e and c 
should be large, and k should be small. Stability at 
high temperatures is also desirable for high effi- 
ciencies in power generation. Again, metals suffer 
from limitations set on the value of the ratio c/k 
(Wiedemann and Franz law), while semiconduc- 
tors offer a freer range of values. 

Metals give values for e around 2(K50 /xv/®C 
while .semiconductors may show 1000 juv/°C. For 
the over-all efficiency of a thermoelectric generator 
made of metals, the maximum that can be expected 
ranges from 0.1 to 0.6%, although for Bi-Sb, 3.1% 
has been calculated. For a number of semiconduc- 
tors, 7% has been reported in the literature; 10% 
has been approached; and 10-15% and more can- 
not be regarded as unattaitlj^ble ; 20- 30%,. Is visual- 
ized for ceramics because of their ability to with- 
stand higher temperatures than semiconductors. 

Figure 10 serves as a diagram for all the.se types. 
On the supposition that T-j > Ti and that G is a 
motor, heat must be supplied to tbe junctions at 
T-z and abstracted from the junctions at 7’i, while 
G delivers mechanical energy. If G is a generator 
that reverses the current, then remains higher 
than T^ luicau.se of the Peltier effects. Heat is ab- 
sorbed at T\ and rejected at T> after the heat 
equivalent of the power input from the generator 
has been added to it. The T\ junctions may serve to 
refrigerate; the Tz junctions, to warm. Any Rever- 
sal of the current always intendianges the locations 
of these two functions. Thermoelectricity furnishes 
an excellent realization of the .so-called heat pump, 
for which KelVin pointed out the economy for heat- 
ing about 1852. See Heat pump. 

Thermoelectric generators. Some examples of 
thermoelectric generators include (1) a unit op- 
erated by a kero.sine lamp capable of delivering 
3 walls of ele<!lrical power at 150 volts, manufac- 
tured for use in remote regions with no electricity; 

(2) similar kerosine generators delivering 15-20 
watts for u.se in some transmitters and in tractors; 

(3) an experimental 100-watt unit utilizing solar 
energy; (4) a 200- watt generator consuming 2 kg 
of firewood per hour; and (5) 200- 500-watt mod- 
els, in course of manufacture in the Soviet Union. 
A demonstration model powered by a gas flame was 
used to operate a 10-watt public addre.ss system for 
a lecture delivered by C. Zener before a conference 
on thermoelectricity in Washington, D.C., Septem- 
ber, 1958. No large-scale units (above 1 kw) have 
been reported so far. 

Thermoelectric cooling. Units the size of home 
refrigerators and smaller have been constructed 
and can compete with the compressor type, partic- 
ularly the smaller sizes where it is more important 
to avoid weight or complex machinery than to save 
power, and where the compressor type of cooling 
device is impractical. The ratio of heat abstracted 
from the cooling chamber to energy input (coeffi- 



cicnt of performance), for a temperature differ- 
cnee of 40°C and a value 0.4-0.?, seems practical. 
In the case of heating, the corresponding practical 
coefficient of performance (heat delivered/energy 
input) is 1.5-L8 for the same temperature differ- 
ence. 

An example of a cooling unit is a home refriger- 
ator of 55 liters capacity for the cooled chamber. 
The material of the thermopile is a PbTe-PbSe 
alloy against an alloy whose principal constituents 
are tellurium and antimony. The average maximum 
difference in thermoelements is 47®C; refrigerat- 
ing capacity, 20 kcal/hr, dc power input 40 watts. 
The temperature of the chamber is — 2®C when 
the outside is at lO^'C. The cooling time is 4 5 
hours, with cooling in two stages. The cold juni- 
tions are thermally coupled to the cooled chamber 
by metallic conductors; the hot junctions dissipate 
their heal to the surroundings through fins. Some 
refrigerators are water-cooled. In one of these the 
total weight of semiconductor materials used in its 
cooling units is around 50 g and its energy con- 
sumption is approximately 50 watts. In the field of 
low-temperature cooling, proper choice of materi- 
als can result in a reduction of temperature in the 
vicinity of the junctions by about 90*^0. 

Various devices which are dependent upon small 
(oollng units have been developed: a dew-point 
meter using a silvered surface (its lightness and 
rapid action fit it for use m an airplane) , a (old 
trap for vacuum systems, thermostats capable of 
operating above or below ro(>m temperature, m- 
( hiding one at 0®C, used for referenie uiiKtions. 

( ontrolled by the formation of ice to « at ofl the 
cooling; a cooling device foi microtome which 
holds the tissue at an optimum cutting temperature 
and can c iil sections 2 niic rons thick. 

Thermoelectric heating. This, m principle, is a 
refrigerator with the current reversed. No descrip- 
tion of a large installation is available. There has 
been a small model of a thermoelectric hc<it pump 
that automatically cools a baby’s bottle until just 
before feeding time, then automatically switches to 
a heating cycle to warm the bottle The thermo- 
electric effect promises c'ountless possibilities for 
home use. 

Definite information on the composition of semi- 
conductors is not available. They seem satisfactoiv 
for use at the mild temperatures involved in refrig- 
eration and warming, but they have not proved 
satisfactory at the higher temperatures appropri- 
ate to power generation. Therefore, c eramics, 
mixed valence compounds of the transition metals, 
have been developed for use in this temperature 
range. They are chemically inert and stable at the 
temperatures to be encountered. In view of other 
advantages also, they are considered promising for 
use at temperatures of 3000"F. See Electricity. 
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Thermoluminescence 

A term sometimes used broadly to mean any lumi- 
nescence appearing in a material due to the appli- 
cation of heat. More frequentl> the term refers 
Hpecificallv to the luminescence appearing as the 
temperature of the material is steadily increased. 

Many solids that contain 1uii>inescent centers 
often also contain one or more types of centers that 
trap election*- If the solid is exposed to light of 
suflicienllv shoit wavelength or to x-iays or other 
high-energy radiation, free electrons are produced 
in the solid and some of these electrons* mav he 
trapped If the depth of the trap (that is, the 
amount of energy required to ielra«-e the electron 
from the trap) is larg<* and the temperature is 
low, the electron will remain trapped for a long 
time. If, however, the temperature of the skmple is 
raised slowly, the election will receive increasing 
amounts of thermal eneigy and will eventually 
escape the trap. An elec lion thus freed from a trap 
may go o\er to u liirninestent center, give its en- 
ergy to the c enter, and c ause it to luminesce. For a 
single type of trap the glow curve ( plot of thermo- 
luininescence intensity as a fuiu^tion of tempera- 
tuie) first rises, leaches a maxiiniiin, and then de- 
( leases to zero when all the traps become emptied. 
The depth of the trap E (in ergs), is given to a 
good approximation by 

\.^\kT*r/(T* -r) 

where k is Boltzmann’s constant, T* is the temper- 
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Glow curvet for several xinc sulfide phosphors, each of 
which contains troces of copper and dMerent trivoient 
ions. The luminescent center is due to the presence of 
copper, the octiyotor In eoch case. The trops oie put 
in ii^ various tHvalent coacthfotors os shown, ^ 
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attm (in degrees Kelvin) of the solid at the peak 
of the curve, and T is the temperature on the low- 
teix&perature side at which the emission is one-half 
its peak value. The figure shows glow curves for 
several zinc sulfide phosphors. The incorporation of 
impurities (activators, coactivators) into ‘^host’* 
compounds such as zinc sulfide is one of the most 
important processes for preparing solid materials; 
for a detailed discussion see Luminescence. When 
more than one type of trap is present, the glow 
curve consists of a corresponding number of peaks, 
which often may be resolved and analyzed as de- 
scribed. Thus thermoluminescence may be used to 
secure information about the properties of traps 
in solids. See Traps in solids. [c.c.k.; j.h.s.] 

Thermomagnetic effects 

Electrical and thermal phenomena occurring when 
a conductor or semiconductor which is carrying a 
thermal current (that is, is in a temperature gradi- 
ent) is placed in a magnetic field. 

Let the temperature gradient be transverse to 
the magnetic field //;, for example along x. Then 
the following transverse-transverse effects are ob- 
served : 

1. Ettingshausen-Nernst effect, an electric field 
along y, 

Ey = 0(dT/dx)H, 

where Q is known as the Ettingshausen-Nernst co- 
efficient. This coefficient is related to the Ettings- 
hausen coefficient P by 

P * QT(t 

where o- is the thermal conductivity in a transverse 
magnetic field. This relation was discovered by 
P. W. Bridgman; it has been shown to be an ex- 
ample of the Onsager reciprocity relations of ir- 
reversible thermodynamics. See C a lv a no mag- 
netic effects; Thermodynamics (chemical); 
Thermoelectricity. 

2. Righi-Leduc effect, a temperature gradient 
along y, 

(HT/dy) = S(dT/dx)H, 

where S is known as the Righi-Leduc coefficient. 

Also, the following transverse-longitudinal ef- 
fects are observed ; 

3. An electric potential change along x, amount- 
ing to a change of thermoelectric power. 

4. A temperature gradient change along x, 
amounting to a change of thermal resistance. 

Let the temperature gradient be along H. Then 
changes in thermoelectric power and in thermal 
conductivity are observed in the direction of H, 

For related phenomena see Hall effect; Mag- 
NF.TORESISTANCE. |f..A.; F.K.] 

Bibliography^, See Galvanomacnetic effects. 


thermometers. Other names have been generally 
adopted. For discussion of two such devices, see 
Pyrometer; Thermocouple. For general discus, 
sion of temperature measurement, see Tempera- 
ture measurement. 

A variety of techniques are used in instruments 
known as thermometers. Some of these depend on 
the expansion of a liquid or metal for the indicat- 
ing means. Others employ the change in pressure 
of a gas to detect the temperature. Still others use 
the change in electrical resistance which occurs 
with temperature changes. 

Liquid-in-glass thermometer. This thermometer 
consists of a liquid-filled glass bulb and a connect- 
ing partially-filled capillary tube. When the tem- 
perature of the thermometer increases, the differ- 
ential expansion between the glass and the liquid 
causes the liquid to rise in the capillary. In Fig. la 
the graduations are etched on the glass stem. The 
thermometer in Fig. lb has a separate graduated 
scale similar to that of th^vcommon household ther- 
mometer. A variety of liquids, such as mercury, al- 
cohol, and pentane, and a number of different 
glasses are used in thermometer construction, so 
that various designs cover diverse ranges between 
about — 300®F and -f-1200°F. Expansion and con- 
traction chambers are sometimes provided at each 
end of the capillary to permit over-range and un- 
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Thermometer 

An instrument that measures temperature. Al- 
though this broad definition includes all tempera- 
ture-measuring devices, they are not all called 


Fig. 1. Liquid-in-gla»s thermometers, (a) Etched-stem 
clinical thermometer, (b) Graduated-scale industrial 
thermometer. (From D. M. Considino, ed.. Process In- 
strum&nts and Controls Handbook, McGraw-Hill, 1957) 



der-range use of the thermometer without loss of 
accuracy. When the entire thermometer is not sub- 
jected to the same temperature, an error occurs un- 
less the thermometer is calibrated for these condi- 
tions. Many thermometers arc used with an 
emergent stem and are calibrated for this type of 
service. 

Maximum-registration thermometers, such as a 
fever thermometer, allow expansion of the liquid 
with increasing temperature but maintain the liq- 
uid column as the temperature decreases, thereby 
indicating the maximum value attained. Minimum 
registering thermometers are also available. If the 
liquid filling is metallic, electric contacts can be 
mounted in the stem wall to complete a circuit 
when temperature reaches a specified value. These 
are used in alarm and control systems. Some ther- 
mometers destined for rugged service are enclosed 
in a metal sleeve or armor. 

Accuracies and speeds of response vary widely 
with the designs, ranges, and installations. For ex- 
ample, the Beckmann thermometer can be easily 
read to an accuracy (stated in terms of maximum 
error) of 0.001 °C and the fever thermometer to 
0.1®F. Industrial thermometers and armored ther- 
mometers are seldom more accurate than 1°F as 
they are used. Mercury and glass thermometers 
have lime constants as low as 0.1 second in well- 
stirred water, hut industrial thermometers and all 
thermometers installed in wells may have time con- 
stants as long as 1 minute. 

Bimetallic thermometer. In this thermometer the 
differential expansion of thin dissimilar metals, 
bonded together into a narrow strip and roiled into 
the shape of a helix or spiral, is used to «rtuate a 
pointer (Fig. 2). Case designs are available for 
laboratory or heavy industrial service. Range spans 
are seldom shorter than 50°F or longer than 400°!', 
with a maximum upper temperature limit for con- 
tinuous service of 800°F and a minimum of 
-“8()0°F. The shorter range spans are used near 
room temperatures, and accuracies in the neigh- 
borhood of 1°F can be achieved. At high and low 



Fig. 2. Bimetal thermometer. (Weiton Instruments, Di- 
vision of Day Strom, Inc.) 
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Fig. 3. Filled-system thermometer. (D. M. Considine, 
ed., Process Instruments and Controls Handbook, 
McGraw-Hill, 1957) 


temperatures the accuracy is seldom better than 
5®F. The time constants of these thermometers are 
greater but of the .same order of magnitude as the 
liquid-in-glass thermometer. 

Filled-system thermometer. This type of ther- 
mometer, shown schematically in Fig. 3, has a 
bourdon tube connected by a capillary tube to a 
hollow bulb. When the system is designed for and 
filled with a gas (usually nitrogen or helium) the 
pressure in the system substantially follows the gas 
law, and a temperature indication is obtained from 
the bourdon tube. The temperature-pressure-mo- 
tion relationship is nearly linear. Atmospheric 
pressure effects are minimized by filling the system 
to a high pressure. When the system is designed for 
and filled with a liquid, the volume change of the 
liquid actuates the bourdon tube. When mercury or 
its alloys are used as a filling medium, the tempera- 
ture-volume-inotion relationship is substantially 
linear. When hydrocarbon liquids are used, the 
liquid compressibility is appreciable, and the tem- 
perature-motion relationship is not so Iniear. 

Since the fluids (liquid or gas) are homogeneous 
and extend to the bourdon tube, temperature 
changes on the capillary and on the bourdon tube 
will cause errors. These are made small by mini- 
mizing the volume in the capillary and bourdon 
tube and by providing anibienl-temperaliire com- 
pensation. This compensation can be a duplicate 
system without a bulb to subtract the effect of the 
error; it can be a bimetallic compensator on the 
bourdon tube alone ; or in the case of the mercury 
system a special capillary may be threaded with an 
invar wire compensator. The gas system has a rela- 
tively large bulb, a long range span (about 200^F 
minimum at room temperatures, 400® F qpar 
1(X)0*^F), and the span may extend to a lower limit 
of about — 400®F and an upper limit of about 
1200®F. Hydrocarbon liquid systems have small 
bulbs, short range spans (as low as 25®F), and the 
span may extend to a lower limit of 'about -^125^ f 
and an upper limit of about 600®F. Mercury sys* 
terns have somewhat larger bulbs (because of 




eur^t low temperature coefficient of expansion) 
ami' loiter range spans and are used at tempera* 
turea between -*40*F and 1200*F, Normally, ar- 
onrgciea of 1% of the range span are obtained from 
iheae instruments, but this is achieved only by 
prc^pet selection with full knowledge of application 
ooQ^ttons. 

Vapor-praasum thermal system. This filled-sys* 
tem thermometer utilizes the vapor pressure of cer- 
tain stable liquids to measure temperature, as 
shown by Fig. 4. The useful portion of any liquid 
vapor pressure curve is between approximately 15 
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Fig. 4. VapQr*pressure vi. temperature curves for var- 
ious thermal system fills. (0. M. Considine, ed , Process 
instruments and Controls Handbook, McGraw-Hill, 
1957) 

psi and either the rritical pressure or the tempera- 
ture at which the liquid begins to dissociate A non- 
linear relationship exists between the temperature 
and the vapor pressure, so the motion of the bour- 
don tube is greater at the upper end of the vapor- 
pressure curve. Therefore, these thermal systems 
are normally used near the upper end of their 
range, and an accuracy of 1% or better can be 
expected Vapor-pressure systems are designed so 
that the active liquid-vapor interfac e occurs in the 
bulb, and the effective temperature occurs at this 
interface. There is no error due to ambient tempei- 
atiire changes on the capillary, and only the tem 
perature effect on the metal bourdon tube produc es 
an error at this point. The bourdon-tube error is 
normally small and may be compensated (bimetal- 
lic) if it must be reduced 

When the bulb and the bourdon tube are not at 
the same level a hydrostatic error oc( urs, but this is 
easily removed by zero setting. The effect of atmos- 
pheric pressure venations is minimized by using 
only the elevated portion of the vapor-pressure 
curve of the various liquids. Range spans vary 
widely, but near room temperature the useful por- 
tion of the span is about 120^F, and at elevated 
temperatures it is 200® F. Few vapor-pressure sys- 
tems are used below 0® and above 650® F. 

The gteflitest advantage of the filled-system ther- 
mometer is its ability to provide a good, low-cost, 


temperature indication or record at a convenient 
point reasonably remote (up to 200 ft) from the 
temperature being measured. The bour^n tube is 
powerful enough to operate sensitive detectors, the 
output of which can be amplified pneumatically, 
electrically, or hydraulically for control purposes! 
The particular characteristics of each class of 
thermal system determine which will give the best 
service on various applications. 

Resistance thermometer. In this type of ther- 
mometer the change in resistance of conductors or 
semiconductors with temperature change is used 
to mea<«ure temperature. Usually, the temperature- 
sensitive resistance element is incorporated in a 
bridge network which has a reasonably constant 
power supply. While a deflection circuit is occa- 
sionally used, almost all instruments of this class 
use a null-balance system, in which the resistance 
change is balanced and measured by adjusting at 
least one other resistance in the bridge. All of the 
resistors in the bridge, 4jgcept the measuring re- 
sistance, have low temperature coefficients, and the 
entire bridge circuit is designed to be insensitive to 
ambient temperature effects. The power supply to 
the resistance thermometer may be either direct or 
alternating current, the former preferred for preci- 
sion measurements and the latter preferred when 
a servo system is used to rebalance the bridge 
Figure 5 shows an industrial resistance thermom- 
eter. 

Metals commonly used as the sensitive element 
in resistance thermometers are platinum, nickel, 
and ( opper, and the change in resistance per ®C is 
illustrated in Fig. 6. These are the most sStisfac- 
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Fig. 5. Industrial-type resistance thermometer. (From 
D. M, Considine, ed.. Process Instruments and Controls 
Handbook, McGraw^ill, 1957) 



metals, since th^r are suWe, have a reason- 
able temp«ature c^fficieni of resistance, and can 
be drawn into fine homogeneous wires with a hiah 
resistance per unit length. Platinum can be usS 
satisfactorily between -258»C and nickel 

between -150»C and SOO'C, and copper brtttn 

of about 2.5 mils are used in making resistance 
elements, and these are wound on supportina 
structures of various shapes. In special cases, thin 
foils are used. The bare-wire resistance thermom- 
eter responds rapidly to temperature changes but 
Its use is restricted to clean, noncorrosive, noncon- 
ducting gases. Usually, the resistance element must 
be inserted in a protecting sheath or well, and its 
dynamic characteristics are not as good as those of 
a thermocouple, which does not require electrical 
(and hence thermal) insulation from the well A 
time constant in the neighborhood of 1 minute can 
be expected from a protected resistance thermom- 
fter, but this varies widely depending upon the con- 
struction of the element and the charar teristics of 
the material being measured Industrial resistance 
thermometers usually have accuracies of 0 5°F 
within the working range, hut the error may be 
I®!* and moie at the range extremes Carefully 
calibrated and maintained laboratory resistance 
thermometers may have an accuracy of 0.01 °C 
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Hg 6. Typical relative-resistance curves of several 
metals used in resistance thermometers Relative resist- 
ance is the ratio of the resistance at the temperature 
of the metal to the resistance at °C (From D. M Con- 
stdme, ed; Process Instruments and Controls Hand- 
book, McGraw-Hill, 1957) 


Since resistance thermometers carry a epfrent, a 
<4elf-heating error occurs. By keeping currents 
small and thermal conductivities high, this effect 
may be made negligible on most applications. Tn 
dc thermometry, thermal emfs must be carefully 
avoided in the circuitry. In ac thermometry, the 
circuitry must minimize inductive and capacitive 
disturbances. 

Thermittor. This device is made of a solid semi- 
conductor with a high temperature coefScient of 
resistance. The thermistor has a high resistance 
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Fig 7 Resistance-temperature characteristics' of three 
typical thermometers (From D M. Considine, ed , Proc- 
ess Instruments and Controls Handbook, McGraw-Hill, 
1957) 

(sec Fig 7), in comparison with metallic resistors, 
and IS used as one element in a resistance bridge. 
Since thermistors are more sensitive to tempera- 
ture changes than metallic resi^itors, accurate read- 
ings of small changes are possilile. Thermistors are 
ceramic recrystalized mixtures of oxide.; of various 
metals and are usually in the form 'if small beads 
or disks with metallic leads. Thermistors are not 
as stable as metallic resistances, but certain com- 
positions with good protection and care may 
change lc*ss than l9f pei year. In general, thermis- 
tors are used between 100 and 400“C. They drift or 
deteriorate at higher temperatures, and at low tem- 
peratures their resistance tends to become exces- 
sive .See Tni-RMisroR. [r.e.cl] 

Bibliography \ D. M. Considine (ed.), Process 
Inst aments and Controls Handbook, 1957. 

Thermonuclear reaction 

A nuclear fusion reaction which occurs between 
various nuclei of the light elements when they are 
constituents of a gas at very high temperatures. 
Thermonuclear reactions, the source of energy 
generation iri the sun and the stable stars, afe 
utilized in the fusion bomb. See Fusion, nuclear; 
Hydrogen bomb; Stellar evolution; Sun. 

Thermonuclear reactions occur most readily be- 
tween isotopes of hydrogen (deuterium and tri- 
tium), and less readily among a few other nuclei 
of higher atomic number. At the teinperatiireii and 
densities required^ to produce an appreciable ndto 


of jftj^naonticloar reactions, all matter is com- 
plel^ iotijaedr that is, it exists only in the plasma 
state (set Plasma physics). Thermonuclear fusion 
reactions may then occur within such an ionized 
gas when the agitation energy of the stripped nu- 
clei is sufficient to overcome their mutual electro- 
static repulsions, allowing the colliding nuclei to 
approach each other closely enough to react. For 
this reason, reactions tend to occur much more 
readily between energy-rich nuclei of low atomic 
number (small charge), and particularly between 
those nuclei of the hot gas which have the greatest 
relative kinetic energy. This latter fact leads to the 
result that, at the lower fringe of temperatures 
where thermonuclear reactions may take place, the 
rate of reactions varies exceedingly rapidly with 
temperature. 

The reaction rate may be calculated as follows: 
Consider a hot gas composed of a mixture of two 
energy-rich nuclei, for example, tritons and deu- 
terons. The rate of reactions will be proportional to 
the rate of mutual collisions between the nuclei. 
This will in turn be proportional to the product of 
their individual particle densities. It will also be 
proportional to their mutual reaction cross section 
O’ and relative velocity v. Thus, the expression 

iRi2 * nin2<ot;)i2 reactions/ (cm®) (sec) 

gives the rate of reaction. The quantity <ov>i2 indi- 
cates an average value of o and t; obtained by 
integration of these quantities over the velocity dis- 
tribution of the nuclei (usually assumed to be max- 
wellian). Since the total density n =* fii + n2, then 
if the relative proportions of ni and n2 are main- 
tained, A12 varies as the square of the total nuclear 
particle density. 

The thermonuclear energy release per unit vol- 
ume is proportional to the reaction rate and the en- 
ergy release per reaction 

P^2 = /? 12*^12 ergs/ (cm-*) (sec) 

If this energy release, on the average, exceeds 
the energy losses from the system, the reaction can 
become self-perpetuating. See Carbon- nitroc.en 
cycle; Kinetic theory of matter; Macnetohy- 

DRODYNAMICS; NuCLEAR REACTION; PiNCH EFFECT; 
Proton-proton chain. 

Bibliography: See Fusion, nuclear. 

Thermoregulation 

The property mammals and birds possess to main- 
tain central body temperature at a constant level 
when exposed to variations in cooling power of the 
external medium. Animals that regulate body tem- 
perature are called homeotherms (constant tem- 
perature) ; the nonregulators are termed poikilo- 
therms (varied temperature). Owing to mainte- 
nance of relatively high body temperatures in most 
homeotherms (ST'^C, or 98 . 6 ^F, in mammals and 
41 ''C, or 106 '’F, in birds) and low body tempera- 
tures in most poikilotherms, the two groups have 
been loosely termed warm-blooded and cold- 
blooded animals, respectively. The terms, however. 


are inaccurate because it is the constancy rather 
than the levels of temperature that differentiates 
the two groups. 

Homeothermy is an important example of the 
general emancipation of the higher organisms from 
the effects of changes in their environment. By 
maintaining a constant warm body teinperature, 
homeotherms may be active at environmental tem- 
peratures which would produce torpidity in poiki- 
lotherms. This freedom, however, is gained only at 
the cost of maintaining a high rate of heat produc- 
tion, hence imposing high food requirements. The 
hibernators have partly solved this problem of en- 
ergetics by periodically abandoning homeothermy 
during the coldest period of the year. Similarly, 
bats and hummingbirds abandon homeothermy 
when not active. 

Scope and limits of temperature reguiation. 

In insects, fishes, frogs, and lizards, body tempera- 
ture varies almost directly with environmental tem- 
perature. Primitive regut)|tion is seen in certain 
reptiles that orient their bodies to absorb maxi- 
mum solar radiation when cool and seek shade 
when overheated; this is regulation by behavior. 
Automatic physiological temperature regulation is 
first seen in primitive mammals, like marsupials 
and monotremes, which tend to have low body tem- 
peratures and a narrow range of constancy (see 
Ornithorhynchus and Echidna in illustration). 

In higher mammals, such as the cat, body tem- 
peratures arc constant over a much wider range of 
ambient temperature, but there are limits of heat 
and cold in all animals, beyond which homeothermy 
cannot be maintained. * 

The upper limits of environmental temperature 
in most animals are fixed by body temperature lev- 



Body temperature regulation. (From C. J. Martin, Ther- 
mo/ adiustmonts and respiratory exchange in mono- 
tremes and marsupials, Phil, Trans. Roy, Soc. London, 
Ser. B, 195, 1-^7, 1902) 



els. but lowCT limits vary widely. In small mam- 
Dials with little protective insulation the lower 
limit may not exceed 0"C (32"F). Large animals 
with heavy fur generally are capable of withstand- 
ing the lowest temperatures on earth. 

Homeothermy is partial as well as limited. The 
temperature of the central parts of the body 
(brain, heart, and abdominal viscera) are close 
enough to uniformity to justify the concept of a 
central core of uniform temperature, but the outer 
tissues, or shell, show a marked gradient in tem- 
perature. Thus, the temperature of the 8urfa<*e of 
the hand on a cold day may be ir>®C (S9®p'), 
while the temperature on the skin of a seal in ice 
water may approach 0°C (32°F|. The ability to 
maintain integrated function while parts of the 
body are at widely different temperatures consti- 
lutes one of the most remarkable and least under- 
stood properties of homeothermic animals. 

Heat loss and heat production. As in all ani- 
mals, the heat of the body is generated by chemi- 
cal changes, notably oxidation, occurring in the 
tissues at large. The ultimate source of heat in the 
body is the oxidized food which liberates the same 
ipiantity of heat as it would if burned. The heat 
that is produced is losi through the feces and urine, 
by conduction and radiation from the skin, fur 
and feathers, and by evaporation ol water from the 
skin and lungs. 

Regulation ol body temperature is accomplished 
by ('ontrolling both the rate at whi<‘h heat is pro- 
duced and the rate at which it is lost. When the ex- 
ternal temperature is high and the temperature 
difference between core and ambient, or the excess 
tempeiatiire, is small, heat is lost in large measure 
by evaporation of moisture through panting (dog) 
or [lerspiratioii (man ) and hv a large flow of warm 
blood to the surface. The posture is adjusted to ex- 
pose a maximal surface area. 

When the external temperature is low and the 
temperature difference is laige, heat loss ;,v e\apo- 
ration is greatly redin*ed, blood flow to the surface 
is restricted by c’losing of small blood vessels in 
the skin (vasoconstriction), the insulation is in- 
creased by erection of fur or feathers (piloerer- 
tion), and surface area is minimized by assump- 
tion of a more spherical posture. This control of 
heat loss was termed physical regulation l>\ 
M. Riibner. 

If the ambient temperature is lower than that 
which can be compensated for by physical regu- 
lation alone, the animal increases heat production 
(cold thermogenesis). This is brought al^put by 
gross muscular exercise, by involuntary sliivering, 
and by nonshivering mechanisms. Shivering is a 
fine muscle tremor in which most of the energy of 
contraction is converted into heat. Nonshivering 
heat production occurs without muscle contrac- 
tion or tremor. Voluntary exercise is not as efficient 
as the involuntary mechanisms because it entails* a 
greater energy cost owing to increased circulation, 
increased conduction from the surface, and greater 
surface exposure to cold. 
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The mechanisms controlling the loss and |>roduc- 
tion of heat are largely dependent upon the exter- 
nal temperature. Within a range of temperature 
termed the zone of thermal neutrality, heat produc- 
tion can be maintained at a minimum, since var- 
iations in temperature arc compensated for by 
regulation of heat loss. Below this zone, physical 
regulation is insufficient and heat production 
is increased, usually in proportion to the excess 
temperature between the deep body, or core, and 
the ambient. Ultimately, a limit to the heat produc- 
tion reached at .VS times the thermuneutral rale 
and there is a failure in temperature regulation. 
AcM'limatization of the individual to cold may ex- 
tend this limit by increasing the rapacity to produce 
heat, through enhancement of nonshivering heat 
production. 

Species differences. There are very large spe- 
cies differrm-es in both the rangi of thermal neu- 
tralit> and in the minimum, or basal, metabolism. 
In lower aniinaU and in those of small size there 
is only a verv narrow range of environmental tem- 
perature over which metabolic rate is minimal. 
Mi(*c, small birds, and shrews have a tliermoneu- 
tral range between about 30®C (86®F) and 35 
(95°F), below which they must resort to increase 
in heat production. Muskrats, rabbits, cats, and 
dogs have a greater range of thermal neutrality 
extending down to 5°C (41'*F) or lower, while 
arctic mammals of large body size do not increase 
their metabolism until the temperature i.s below 
“40''C. The critical temperatures at which me- 
tabolism must he increased in the cold are adaptive 
to (‘Hmate. Tropical mammals generally have high 
critical temperatures, while arctic mammals gen- 
erally have low critical temperatures.. The latter 
are dependent on the insulation provided by thick 
fur which usually changes with the seasons. Arctic 
aquatic mammals aKo have low critical tempera- 
tures which are dependent on the insulation pro- 
vided both by thick blubber and by special mecha- 
nisms of heal conservation in the appendages. In 
porpoises, parallel arrangement of arteries and 
veins in the appendages constitutes an effective 
heat exchanger system for returning the heat of 
the warm arterial blood to the body. Similar 
mechanisms are common in the limbs of non- 
aquatic birds and mammals, and help l<* extend 
the range of thermal neutrality within which basal 
metaholi.sm can be maintained. 

The basal metabolic rale, or BMR, of different 
species is closely related to body weight. Per unit 
weight, small animals have a much higher BMR 
than larger ones. Thus, an 18-gram (g) canary has 
about three times the BMR of a 300-g pigeon or 
rat, which in turn have about three times the BMR 
of a man. The accompanying correlation holds 
true when strict precautions of measurement are 
observed, such as thermal neutrality, avoidance of 
activity, and Casting. Under these condithms. the 
BMR of different species is proportional to the 0,7 
power of the body weight or to the approximate 
surface area of the body. In man, the BMR is pro- 
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tklUil metabolic rat«, canary to cow. (From F G Bene 
diet, Antmal metabolhm: from mouse to elephant, Sci 
In Progr,, 1$t sen, 1939) 


portional to surface area. The latter can be calcu- 
lated from the Dubois table of height and weight. 

NeurMndocrim control. The control of heat 
loss and heat production in response to change in 
external temperature is mediated through the nerv 
ous and endocrine systems. There are receptors for 
heat and cold in the skin distributed over the en- 
tire surface of the body, which sense absolute tem- 
perature as well as rate and extent of change in 
temperature. Impulses from the receptors proceed 
to a central heat regulation center located in the 
hypothalamus, which is itself influenced by tem- 
perature. Sweating and panting can be induced di- 
rectly by a rise in temperature of the center, while 
shivering can be elicited by a drop in temperature 
of the center and hence of deep body temperature. 

Nervous impulses from the heat regulation cen- 
ter regulate the over-all response of the body to 
heat and cold as previously described. The concept 
of a center, with its supply of nerves from recep- 
tors, would lead one to assume that restriction of 
blood flow to the surface, or vasoconstriction, and 
increased heat production, or cold thermogenesis, 
are the result of the rate at which cold sensitive 
receptors are discharged, the number of receptors 
stimulated, and the thermal state of the center it- 
self. Shivering is brought about directly through 


impulses ffom the renter In addition, impulses 
lead to increase in cold therniogenesis through the 
action of hormones particulaily from the pituitary 
adrenal, and thyroid glands See Hibfrnation, 
Homf ostasis , Hypo i hfrmi a , Mftaboi ism 

I J S H J 

Bibliography: F. G Benedict. Animal metabu 
lism: from mouse to elephant. Srz in Progr , 1st 
ser , 1939, A. C Burton and 0 (t Edholm. Man 
in a Cold Environment, 19SS; P F Scholander et 
al.. Heat regulation in some antic and tropical 
mammals and birds, Bwl Bull , 99*2^7 -2'>8, 1950 

Thermosbaenacea 

An order of small crustaceans in the superorder 
Pancarida The order was erected in 1927 by 
T. Monod and includes two families, the Thermos- 
baenidae and Monodellidae Both families are mon- 
ogeneric. See Pancarida [c.b.c.] 

Thermostat 

An instrument that responds to temperature, used 
as a temperature-controlling device The thermo- 
stat came into practical use in the mid- 1880s. 
Early types operated the dampers of hand-fired 
heating furnaces and boilers in dwellings, and 
opened and closed individual steam radiator valves 



i„ the heatog plants of larger buildings. Central 
heating replaced stoves, and thermostatically con- 
trolled heating systems provided a more uniform 
temperature than earlier forms of heating. 

By 1917 the control industry was soundly estab- 
lished. In the decade following World War I, do- 
mestic oil burners, stokers, gas burners, and elec- 
trie refrigerators revolutionized home heating and 
household refrigeration; also unit heaters were 
developed for large space heating. Because these 
improvements depended on temperature control for 
proper functioning, the demand for thermostats 
rose rapidly. 


temperature dial 


contact arm 


Typical electrical contact-type thermostat. (Mmneop- 
o/fs-Honeywe// Regulator Co ) 

Siunessfiil an ( ondilioning. following imniedi- 
alrlv. added trernendoiisly to this demand md Hoon 
imposed a totdll> new leqiiirement—tln' tempera- 
ture reguldlion of individual opoiating mechanisms 
to ensure iiniforniit> in the control of the condi 
tinned space. 

Today thermostats are of two basic t>pes: (1) 
on-and-off or open-or-shuf, and (2) gradual action 
or positioning. The first type, shown in the illustra- 
tion, starts and stops oil burners, stokers, unit 
heatrrb, electrical heating elements, oi refrigera- 
tors and moves dampers and automatic valves. The 
second type, operating usually at a slower speed, 
can reverse direction before completing a cycle, 
or stop at a midpoint, then proceed in the same 
direction, or reverse. This type operates mixing 
valves and mixing dampers. 

Thermostatic control systems are pneumatic, 
electric, electronic, or occasionally hydraulic. 

Thermostats in common use include the ordinary 
room type, both on-and-off and positioning, the 
duplex, two separate units in one housing with 
manual or automatic selector switch for day or 
night operations at different control settings; sum- 
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mer-winier, with mtaua} or automatic Idooiot 
switch Md set-point change; immersioii, (dr rego- 
iating liquid temperatures in tanka or piping; 
duct, for controlling flowing air temperature; limits 
for safety stopping of the source when exoeaaive 
temperatures threaten ; and surface type for clamp- 
ing on piping or securing to metal containers, to 
respond to and regulate the temperature of the 
contained fluid, also to prevent the operation of 
unit heaters when the steam supply in the piping 
fails. 

Controlled items include the heat generators, 
refrigerators, blower and unit heater motors, auto- 
matic valves (on-and-off and mixing), automatic 
dampers (open-closed and mixing), pump, com- 
pressor and other equipment motors. See Tem- 

PERAIITRE CONTROL, AUTOMATIC. [l.W,C.] 

Thermotherapy 

The local application of heat to a part of the pa- 
tient or generalized heating of the patient as a 
whole. If the objective of treatment of the whole 
patient is to induce an artificial elevation of bodily 
temperature, the treatment is referred to as hyper- 
thermy. Therapeutic use of abnormally low tem- 
perature is also included in this discussion. 

Local application of heat. Local and systemic 
changes may result from local application of heat. 

/.oral changes. The first local effect is a local 
elevation of temperature. This reaches a maximum 
in about 20 min. Beyond this time the increased 
circulation of the blood in the region begins to 
cany away heat faster than it is being added 
(Fig. 1). 

The elevated temperature accelerates the chemi- 
cal reactions of the tissue metabolism, resulting in 
more rapid formation of the metabolites which are 
the end products of these reactions The engulfing 
of bacteria or debris bv leukocytes in the region is 
also accelerated (see Phagocytosis). Since the 
majority of the metabolites are acid, the acidity of 
the local tissues increases. Accompanying the rise 



Fig. 1. Effects on tissue temperoture of exposuio*to 
microwaves (80 watts). The rise of temperoturo of the 
deeper tissues Is greoter thon that of more tupeffldgi 
tissues. Tissue temperotures ore lower offer 90 min of 
heating than after 20 min of hootlng^ (From h W, 
Geriten, K, G. Wakim, J. F, Horrlek, and F, H. Krmn, 
Arch. Fhyt. Mod., J949) 



ol temperature, a reduction oi the solubility of car* 
bon dioxide (CO2) in the tissue fluid causes an in- 
crease in the partial pressure of the carbon diox- 
ide* The rise in C02 tension causes an increased 
dissociation of oxyhemoglobin and an increase in 
partial pressure of dissolved oxygen, thus liberat- 
ing more oxygen. See HhMOGLOBiN. 

Dilation of the arterioles occurs, with a second- 
ary passive dilation of the capillaries that are sup- 
plied by the arterioles. The major cause of the dila- 
tion of the arterioles is probably the accumulation 
of metabolites, including carbon dioxide. It has 
been suggested, but not proved, that the heat may 
cause local formation of the histaminelike sub- 
stance which acts to produce dilation of the aite- 
Holes by way of the axon 01 antidroinie reflex. The 
dilation of the minute vessels leads better nutri- 
tion in the region and better disposal of waste 
products. More leukocytes and antibodies are 
brought to the area. The hydrostatic pressure of 
the blood in the capillaries is incieased, with a re- 
sultant increase in the transudation of fluid across 
the capillary wall into the tissue spaces. Accumu- 
lation ot the fluid in the tissue spaces, if that oc- 
curs, constitutes edema. While ihermotherapy does 
not ordinarily ( «use edema, it often aggravates pre- 
existing edema or produces edema in a patient who 
is predisposed to it (see Antibody). 

Thermotherapy raises the threshold for painful 
stimulation. The mechanism of this analgesic effect 
may be related to a neutrali/.ation of the tempeia- 
ture gradient through the skin. With reduction of 
pain, muscles in the region may relax more. See 
Pain, cuiankous. 

Systemic effects. Systemic or generalized effects 
of the local application of heat are related to the 
threat which it poses to the regulation of bodily 
temperature. In response to this threat, a dilation 
of cutaneous blood vessels occurs in areas remote 
from the part being treated. This increases the 
temperature of the skin in those areas and leads to 
greater loss of heat from the bod> (Fig. 2 ). The 
stimulus for this reflex is the return of warmed 
blood from the area being heated, for if the venous 
flow of blood from the heated locality is obstructed, 
the reflex does not occur. The reflex center is the 
temperature-regulating center in the hypothala- 
mus. The dilatation of many cutaneous vessels is a 
c'ondition tending to produce a fall in the blood 
pressure; but that usually is prevented reflexl> by 
the compensatory constriction of blood vessels in 
the gastrointestinal system and perhaps also in 
skeletal muscle and, if necessary, by an increased 
output of blood from the heart. Since the hands 
and feet arc, respectively, the first and second parts 
of the body to participate in the regulation of bod- 
ilv temperature by changes in cutaneous circula- 
tion, the reflex vasodilatation in response to remote 
heating occurs first in them. If the bodily region 
being heated is large enough to produce a signifi- 
cant increase in over-all metabolism, there will be 
compensatory increase in the ventilation of the 
lungs, represented by deeper and more rapid res- 



minutes 


Fig. 2. Thermal reflex vasodilatation produced in the 
right hand and foot by immersing the left hand and 
forearm in hot water. Vasoconstriction occurs earlier 
and to a greater extent in right foot than right hand 
prior to immersion of left forearm and hand in hot 
water and persists longer after the immersion (R3F =- 
right third finger; R2T » right second toe; RT ~ room 
temperature). (From J. H, Gibbon, Jr. and E M, Landis, 
J. Clin. Invost., 1 U5):1019^1036, 1932) 

» 

piration. Another systemic effect of the local ap- 
plication of heat is sedation. The mechanism for 
this is unkngivn. 

One of the effects of excessive dosage of heat 
locally applied is pain, which occurs when the 
temperatiiie of the tissues reaches 4 S°C oi more 
With heat not quite so intense some of the arteri- 
oles in the area ma> become constricted, produc- 
ing a mottled appearance known as erythema 
ab igne which may be followed ultimately by de 
veloprnent of mottled pigmentation. Since most of 
the beneficial effecU of thermolherapy are associ- 
ated with an increase in local circulation, it is bet- 
ter to keep the intensity of the heat below the level 
which will cause erythema ab igne. Heat which 
is much too intense may produce bums. Patients 
having deficient sensation of pain or temperature 
are more likely to be burned than those whose pro- 
tective mechanisms function normally. Also, those 
having poor circulation to the skin are more likely 
to he burned than the normal person because they 
are unable to flush the area with large quantities of 
blood to convey the heat away. 

Clinical mathods of heat application. Any object 
in contact with the skin which has a temperature 
higher than that of the skin will transfer heat to 
the skin by conduction. Most commonly employed 
are the hot water bottle, hot packs, paraffin, and 




e\ectttca\Vj \v«axc^ and UanVtta. Uoi 
pacV* aw app\ie4 al tempetatutw W 
43.3 to 46.1 C. The Kenny packs, hom which ail 
free moisture has been removed, may be applied at 
temperatures in the neighborhood of 60*^0 because 
their heat content, even at this temperature, is not 
sufficient to produce a burn. Paraffin is thinned 
with mineral oil until it has a melting point of 
51.7-57.2°C. Because its heat content is only half 
that of water, it does not produce burns at this tem- 
perature. Chemical hot pads, which maintain their 
temperature for about 1 hour, are rarely used now. 

Conductive heating devices heat only the areas 
with which they are in contact, and are not very 
{,uitable for irregular bodily surfaces. Furthermore, 
with the exception of the chemical hot pad and 
electrically heated pads, conductive heating de- 
vices undergo a relatively rapid drop in tempera- 
liire and because of this they heat inefficiently 

Convective heating is a special kind of conduc- 
tive heating. The substance giving heat to the skin 
IS heated continually and is moved past the skin 
continually, so that the temperature gradient be- 
tween the heating substance and the skin is main- 
tained more evenlv. The whirlpool bath and related 
devices are the onlv means for convective heating 
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P o^rUon&l to the difteteiiGe \n the iootth power* 

Of the absolute temperatures oi the heat emitter 
and the skin. The quantum energy in the infrared 
portion of the spectrum is not sufficient to induce 
more than an inprease in the molecular and intra- 
molecular motion which is heat. The near infrared 
portion of the electromagnetic spectrum extends 
fiom 770 to 1400 millimicrons (m/x), of which the 
1200-m/x wavelength is the most penetrating. The 
far infrared portion of the spectrum extends from 
1400 to 220.000 m/i (see Ei.ectbomagnktic radia- 
tion). The maximal penetration of infrared radia- 
tion into the skin is about 3 mm, but the far infra- 
red portion of the spectrum penetrates only 0,05 
mm (Fig. 3). Beyond 3000 m/x practically all of 
the energy is absorbed by moisture on the skin and 
does not reach the skin 

By means of conduction through the tissues and 
the converting action of the circulating blood, the 
heat is cairied to deeper tissue* than those pene- 
trated bv the infrared radiation. The intensity of 
the heat reaching the skin is invei sely proportional 
to the square of the distance from the source to the 
skin, and at a minimum when the rays are parallel 
to the skin ( Lambert’s cosine law ) . 


in common use today. The temperature of the water 
in the whirlpool bath may be from 37.8 to 43.3®C 
In addition to its healing effect, the whirlpool bath 
frecfiienllv is employed for its irrigating and gentle 
massaging action. Use of hot air chambers at 
121.1°C and devices for orifitial heating, which 
(ireulate hot air or hot water al 51.7-54.4^C, is 
now rare 

Radiant heating devices employ ihe infiared 
wave band In this pait of the spectrum, the skin is 


E 
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Fig. 3. Schematic diagram showing extinction of infra- 
red rays of the most penetrating wovelength (A 
1.2 u) by dead tissuo. The blood in living skin would 
causo o much more rapid extinction. 
ond C. WuKhenheim, J. Clin. Invnst., J5(l):I-9, I93d) 


In clinic al practice nonluminous infrared 
sources made of electrically heated wire or carbo- 
lundiim are employed to produce radiation in the 
far infrared spectrum Various incandescent bulbs 
produce radiation in the near infrared spectrum 
and lesser amounts in the far infrared spectrum. 
Blackened glass bulbs, designed to cut down the 
glare of visible light, were discarded because of 
their lendenc v to explode. Red glass bulbs cUm- 
inerciallv supplied usually have too many optical 
imperfec lions in the lens, leading to the formation 
of “hot spots” that limit the general intensity of 
heat that may be applied to the skin. Clear glass or 
frosted bulbs are most satisfactory. These may be 
used as single bulbs with a built-in reflector or an 
external reflector, or they may be used in a heat 
cradle or “baker.” The baker provides an even dis- 
tribution of heat over a larger aiea than does a 
single bulb. 

Converwive healing devices may broadcase en- 
ergy into the tissues via the radio or microwave fre- 
quency, or may transmit sound energy in the ul- 
trasonic frequencies to the tissues via direct 
contact with the skin. The Federal Communications 
Commission has set aside frequency bands for the 
.iwc of generators of short-wave diathermy and mi- 
crowave diathermy. The use of generators of fre- 
quencies other than these is illegal, except in a 
completely shielded room. 

The rapidly oscillating field of diathermic cur- 
rents induces increased molecular and intramolecu- 
lar motion. Aside from this production of heal, no 
nonthcrmal or specific tissue effect is known. Since 
some of the energy may not enter the patient, h is 
not possible to measure the dosage of diathermy 
and the only guide to dosage is the sensation of the 
patient. For this reason ito use is contraindicated 
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mdfiiHie loteign bodies may produce arcing within 
or the concentration of the full electri- 
in their neighborhood, and are generally 
anothm^ contraindication to use of diathermy. 

tlltraaound in frequencies of about 800,000 to 
1,^000,000 cycles per second is used clinically. Most 
of ita effects are thermal, but there may be some 
i^ects due to cavitation produced by the rarefac- 
Hve portion of the sound waves which are not yet 
clearly elucidated. Nerve fibers are damaged by 
ultrasonic energy more readily than are other tis- 
sues. The sound energy is transformed partially to 
heat wherever it comes to an interface between two 
tissues having different acoustic impedances. Re- 
flection of the sound from bone tends to set up 
standing waves in the neighborhood of bone, with a 
' greater concentration of energy in that region ; and 
there is also some spread of energy along the bone 
from where the sound first strikes it. In its thera- 
peutic applications ultrasound cannot be trans- 
mitted through air; from the soundhead of the gen- 
erator it must be delivered to the skin by means of 
a coupling agent such as degassed water or min- 
eral oil. 

Indications for tharmotherapy. The physiologic 
effects of thermolherapy suggest the indications 
and contraindications for its use. Thermotherapy 
is used principally for its analgesic and sedative 
effects, and for increase of local circulation. In the 
latter application it may accelerate the healing 
process and the resolution of infections. Thermo- 
therapy is widely used as a treatment for various 
type.s of arthritis and painful conditions of muscles 
and ligaments, and as a preliminary adjunctive 
measure for exercise therapy. 

Hyporthermy. Hyperthermy, or treatment by ar- 
tificial fever, is employed infrequently now, be- 
cause most of the conditions for which it was used 
can be dealt with more efficiently and less expen- 
sively by antibiotics or by steroid therapy. It still 
is valuable in some cases of rheumatoid arthritis 
and may be of value in treating some types of in- 
fection, such as generalized fungous infections. 

Fever can be induced by diminution of heat loss 
from the body. This can be accomplished by im- 
mersion in a hot bath ( 38.9-40.0® C) or by use of 
a fever therapy cabinet. Deliberate infection with 
malaria to produce a fever gives rather unpredict- 
able results, as does the injection of various foreign 
proteins such as typhoid vaccine. Hyperthermy 
must be administered by a highly trained therapist, 
familiar with the complications which may develop 
rapidly during the course of the fever. 

The body attempts to combat the fever by gen- 
eralized dilatation of the blood vessels of the skin. 
Because of this dilatation, the generalized in- 
crease of metabolism, and the direct effect of ele- 
vated temperature, there is an acceleration of heart 
rate and an increase in pulmonary ventilation. Pro- 
fuse perspiration leads to loss of sodium chloride, 
which must be replaced by oral or intravenous ad- 
ministration of saline fluid. Suppression of perspi- 
ration can lead to heat stroke and possibly death. 


Heat exhaustion is a state similar to dhock, more 
likely to occur than heat stroke. 

Um of low tomporaturw. Refrigeration of a sin. 
gle extremity is employed sometimes ^ when the 
blood supply to the extremity is inadequate to sup- 
port the metabolism of the tissues at ordinary tem- 
peratures. The cooling may be achieved by packing 
the extremity in ice or wrapping it in a casing 
through which a refrigerant solution can be circu- 
lated. Low temperature has been used to inhibit 
the progression of gangrene in an extremity having 
inadequate circulation. Also, because low tempera- 
ture blocks the passage of impulses through the 
peripheral nerves, it sometimes is employed as a 
method of anesthesia prior to the amputation of 
such a gangrenous limb. Generalized lowering of 
bodily temperature has been used extensively in 
recent years to reduce the metabolic demands of 
the tissues (particularly the brain, kidneys, and 
heart) so that the general circulation can be ar- 
rested safely for longer .periods during operations 
on the heart. In order achieve this generalized 
chilling, it is necessary to administer enough seda- 
tive so that the shivering mechanism will be inhib- 
ited and will not interfere with the lowering of 
bodily temperature. The methods used for general- 
ized cooling are similar to those used for cooling a 
single limb. After a surgical procedure the patient 
may be rewarmed by immersion in a warm water 
bath. See Biophysics. |f.h.k.; g.k.s.] 

Bibliography: American Medical Association, 
Handbook of Physical Medicine and Rehabilita- 
tion, 1930; S. H. Licht (ed.). Therapeutic Heat, 
1938. 

Thevenin’s theorem (electric networks) 

A valuable iheorem in network problems which al- 
lows calculation of the performance of a device 
from its terminal properties only. It is not neces- 
sary to know the internal make-up of the device. 

The theorem may be stated as follows: At any 
given frequency the current flowing in any imped- 
ance Xh, connected to the terminals 3-4 of a linear 
bilateral network containing generators of the 
same frequency, is equal to the current flowing in 
the same impedance Z/, when it is connected to a 
voltage generator whose generated voltage is the 
voltage at terminals 3-4 with Xl removed and 
whose series impedance is the impedance of the 
network looking back from terminals 3-4 into the 
network with all generators replaced by their 
internal impedances. 

When a load impedance Xl is connected across 
the output terminals 3-4 of the linear bilateral net- 
work of Fig. la, which contains generators of the 
same frequency, a current I/, will flow {Xl may be 
considered as a branch of the network) . Thevenin’s 
theorem states that the circuit to the left of 3-4 in 
Fig. la may be replaced by a voltage generator (or 
a Thevenin generator) as in Fig. lb where Eo 
open-circuit voltage determined at terminals 3-4 
with Zl removed, and Zs 4 ** series impedance 
determined at terminals 3*4 with Zl. removed and 





theorem (a) Actual circuit (b) Equivalent Th^venin's 
circuit 
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current may be said to eonatst o( two equal and 
opposite currents, one of which is 

E/(Z34 + 2l) »Eo/(Z,4-bZ|,) (2) 

Hence, the current that flotvs when only the 

actual generators are present is 

* Eo / (Zi4 4 Zt) (3) 

which IS the same as Eq (1) See Suprafosition 

THIORLM (ULCTRir NFTWORKs). 

Thcvenin’s theorem is useful in lomplicated net- 
works where Z; is being varied, as in maximum 
power transfer It should be remembered that the 
Thevenin circuit is equivalent only for the current 
1/ through Za 





with all generators replaced by then inlerral im 
pedaiues That is the c harac terisiits at the ter 
minals 3 4 are identical The c intent in Z/ is 

1/ =Eo/(Zu4Z/) (1) 

The internal charactensiu s of the network, such 
as power and efficiency, need not be identical 
The truth of Thevenin’s theorem ma) bt aemon 
strated in the following way Imagine that a volt 
age E IS introduced in senes with Z/ as in I'lg 2 
This voltage E is of such magnitude and phase 
relation to Eo (open circuit voltage at M) that 
ly = 0 when the switch S is closed, that is E = 
Eo Then, by the superposition theorem, the zero 




Fig 3 (o' Original network (b) Network with circuit 

to left of terminals 3-4 replaced by equivalent Th4ve- 
nin s generator 


The original network of Fig 3fl contains one 
generator having an Ey - and an internal 

H>edance Zj, * 0 4 /4 Thevenin's theorem can be 
used to determine the equivalent voltage genera- 
tor which can replace the actual generator and the 
actual network as far as the current h flowing in 
Zy IS concerned From this the current ly, can be 
calculated 

With Zl removed, the open-circuit voltage Eo at 
3-4 IS equal to the voltage across Z<, 




The impedance determined at teminale 34 itdUi 


Fig. 2 
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Z/, removed and the generator replaced hv its 
internal impedance Zg is 


w 7 1 ^g)^r 

'"-^ + z:?z;h:z, 

- 10 - jW 


10 + 


010)(-;W 

J2 


The Thevenin generator is shown to the left of 3-4 
in Fig. 3fr. 

The current is 


II 


Eo _ 40 W 

Z34 + 10 + jO 




Figure 4 shows two dc circuits, each containing 
a voltage generator £1 and a current generator In. 
As far as /l is concerned, the portion to the left 
of 3-4 can be replaced by a Thevenin generator in 
each circuit. 

For the circuit in Fig. 4<i, with Rl removed, the 
open-circuit voltage £0 at 3-4 is 


£0 * £i + Rih ** 100 + 50 * 150 volts 


The impedance Zs 4 determined at 3-4 with Ri, re- 
moved and the generators replaced by their inter- 
nal impedances, £1 « 5 for the voltage generator 


El and £2 * ^ for the current generator / 2 , is 

Z 34 * £1 * 5 

In Fig. 4b with Rl removed, the open-circuit volt- 
age £0 at 3-4 is 

Ed » El ^ 50 volts. 

The impedance Z 34 determined at 3-4 with Ri re- 
moved and the generators replaced by their inter- 
nal impedances, £1 « 0 for E\ and £2 * 10 for 
/2, is 

Z 34 *= 0 


The current in each case would be £0 /£l + Z 34 . 

[k.y.t.] 


Thiamine 


A water-soluble vitamin found in many foods; 
pork, liver, and whole grains are particularly rich 
sources. It is also known as vitamin Bi or aneurin. 
Its structural formula is 


N=C -NH 2 

I I / 

HaC-C C— CHa N 

II II +\ 

N— CH ClI— S 


CH3 

1 

C=-C— CHj— CH 2 OH 


The vitamin is heat labile, and considerable 
amounts are destroyed during cooking. Thiamine 
is unstable in alkaline solutions but stable in acid 
solutions. It acts like a weak base and can be ab- 
sorbed on basic ion-exchange materials such as 
decalso and fuller’s earth, a property used in its 
chemical dctf?rmination. Biological and microbio- 
logical methods for its estimation are available but 
are seldom used, and a chemical assay based on 
the production of ihiochrome, a fluorescent reaction 
product of thiamine, is the method of choice. A 
dietary source of thiamine is required by all ani- 
mals that have been studied. Thiamine deficiency 
is known as beriberi in humans and polyneuritis in 
birds. 

Thiamine functions in enzyme systems as 
thiamine pyrophosphate, a coenzyme known as 
cocarboxylase. Thiamine containing enzymes de- 
carboxylate w-keto acids such as pyruvic acid and 
a-ketoglutaric acid. Thiamine pyrophosphate is also 
involved in the transketolation of pentose to heplu- 
lose in the hexose monophosphate shunt system 
which is an alternative to the conventional glycol- 
ysis pathway of anaerobic glucose metabolism. See 
Carbohydrate metabolism. 

Muscle and nerve tissues are affected by the de- 
ficiency, and poor growth is observed. People with 
beriberi are irritable, depressed, and weak. They 
often die of cardiac failure. Wernicke’s disease ob- 
served in alcoholics is associated with a thiamine 
deficiency. This disease is characterized by brain 
lesions, liver disease, and partial paralysis particu- 
larly of the motor nerves of the eye. As is the case 
in all B vitamin diseases, thiamine deficiency is 




usually accompanied by deficiencies of other vita- 
mins* 

Thiamine is the most poorly stored of the B vita- 
mins. Individuals eating vitamin-deficient diets are 
likely to develop beriberi symptoms first. Approxi- 
mately 5 mg of thiamine can be absorbed per day 
by normal adults. Excess thiamine given by mouth 
or parenterally is usually lost through excretion in 
the urine and feces. Thiamine requirements are re- 
lated to caloric intake. More thiamine is required 
when high carbohydrate diets are fed than when 
high fat diets are eaten, but the reason for this is 
still not clear. Some foods, particularly raw fish, 
contain enzymes which destroy thiamine. More 
thiamine is needed in such alterations in physical 
state as hyperthyroidism, pregnancy, and lactation. 
Thiamine requirements of humans are primarily 
estimated by means of urinary excretion data. The 
recommended dietary allowances of the National 
Research Council provide 0.5 mg of thiamine for 
each 1000 calories for adults, with a minimum of 
1 mg per day. fs.N.o.l 


MANUFACTURE OF VITAMIN 

Industrial synthesis of this vitamin is accom- 
plished by linking chloromethylpyrimidine with 
4-inethyl-5-(j8-hydroxyethyl)-thiazole to give aneu- 
rin. Another way to build up the thiamine molecule 
on a commercial scale is to convert 4-amino-5-cyano- 
pyrimidine into the thioformyl-aminomethyl deriv- 
ative via catalytic hydrogenation and reaction with 
sodium dithioformate. This compound is then 
treated with l-acetoxy-3-chloro-4-pentanone to form 
the thiazole ring in situ connected to the pyrimidine 
ring via a methylene bridge. (IKS. Patents 2,193.- 
858 and 2,218,350.) See Vitamin. [p.d.m.] 


Thiazole 

One of a class of organic heterocyclic compounds 
(sometimes specified as 1,3-thiazoles) in which a 
five-inembered diunsaturated ring contains one 
atom of nitrogen and, in a nonadjacent pv»siiion, 
one atom of sulfur. See Azole: Heterocyclk. 
COMPOUNDS. The preferred numbering is shown in 
formulation (I) ; however, since other numbering 
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(I) 


, N , NH 
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(II) (III) 



systems have been employed, caution should be ex- 
ercised in translating names to structures, pihy- 
drothiazoles are called thiazoHnes, of whith the 
most familiar are the :;^^-thiazolines (II)* 
hydrothiazoles are called thiazolidines (III). Ihi- 
azoie fused to a benzene ring is bcnwthiazole 
Important thiazole derivatives include vitamin 
(thiamine) and sulfathrazole. Several valuable 
dyes and rubber-vulcanizing accelerators contain • 
the benzothiazole nucleus. Penicillin is a thiazoli- ^ 
dine derivative. 


Thknito ^ 

Propertltt, The thiazole ring b- a reMinance- 
stabilized aromatic system. The ring is rebtively 
resistant to hydrolysis and to disruptive oxidation 
with nitric acid. Bromine-water as well as perman^ 
ganate, however, do oxidize the ring, Thiazole can 
undergo electrophilic substitution such as nitration 
and sulfonation at the 4 and the 5 positions. Fur- 
ther, in line with the aromatic character of thia- 
zole, ainiiiothiazoles form diazoniiim salts with ni- 
trous acid. See Aromatic hydrocarbon. 

The parent compound, thiazole (I), bp 117®C. 
is a colorless, water-soluble liquid with an odor re- 
sembling that of pyridine. Although thiazole is a 
weak base (pK„ 2.53), acids form simple salts, and 
alkylating agents form quaternary salts. Quater- 
nary thiazolium salts, although stable in acid, are 
decomposed in alkali and ring rupture occurs. 

Amino groups at position 2 can be diazotized. 
Subsequent coupling to give azo impounds, and 
replacement of the diazoniiim group by hydrogen, 
halogen, hydroxyl, or nitro in standard proce- 
dures are possible. The SH or mercapto group at 
position 2 can be replaced with hydrogen either by 
treatment with acidi** hydrogen peroxide, or hv de- 
sulfurization with Kuney nickel. 

The chenii.stry of the thiazole 2 position - - but in 
contrast not that of the 4 position— is similar to 
the chemisslry of the pyridine 2 position. Thus, the 
2-luilothiazoles are coiiverlible with relative Y^ase to 
2-hydroxy, 2-alkoxy. 2 amino, 2-mercapto. and by 
rediK'tion. to 2-hvdro derivatives. Thiazole-2-car- 
hoxylic acid decarboxylates with relative ease. Fur- 
ther. 2-methylthiazo]e metalates at the methyl 
group without difficulty, and also condenses with 
benzaldehyde. 

Preparation. The most versatile general synthe- 
sis of thiazoles cimdenses o-halo carbonyl com- 
pounds (V) with thioamides (VI). By suitable 
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NHs 
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I + C-R,--. 

Rr-CH -X y 

S R 2 Ra 

(V) (VI) 


choice of the R groups, many kinds of thiazoles can 
i)e prepared. The thioamides (VI) u.sed most fre- 
quently are thioformamide (R.t = H), thiourea 
(R;< = NHy), and dithiocarbamate ion (R.s » SH). 

.Sulfalhiazole (VIII) is one of the useful bacte- 
riostatic sulfa drugs. Reaction of p-acetamido- 
j»t:i»zenesulfonyl chloride (VII) with 2 aminothia- 
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(VIII) 



Ar««oetylated aulfathiazole, which on 
*ttc|tliais hydlnlyais forma aulfathiazole. 

tUaiiiiiie includea aa part of ita structure, the 
tUsBole derivative (X). A practical synthesis of 
this fragment process by condensing the a*chlori- 
nated derivative (IX) of 5-hydroxy-2-pentanone 
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(XVII) 
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HOCM2CH2 

(X) 

with thioformamide. The thiazole (X). combined 
with the proper pyrimidine moiety, gives thiamine. 

A'-’-ThiazoIines, for example 2-methyI-A--thia- 
zoline (XIII), are prepared by combining a )8-bro- 
moamine (XI) with a thioamide (XII). Thiazoli- 
dines (XV) form when aldehydes or ketones react 


CH2NH2 
CH2 — Br 


C- -CHa 


I ^ 

CH, 

(XIII) 


(XI) (XII) (XIII) 

with j9-amino mercaptans (XIV). In the laboratory 
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synthesis of penicillin, the thiazolidine ring (XVI) 
is formed by this process. Rhodanine, or 4-kelothi- 


^ y* 0 c 
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COOK. 


Potassium salt of penicillin V 
(XVI) 


I NH 

AsA 

ArCH ^ 

(XVIII) 

which ran be converted to a variety of useful prod- 
ucts. 

Benzothiazole syntheses start with o-aminothio- 
phenol (XIX), which, with carboxylic acids, gives 


a — N ('8. 


RCOOH 


SH 

(XIX) 


0-sA 


2-substituted benzothiazoles (XX), and with 
cari>on disulhde, gives 2-mercaptobenzothiazolc 
(XXI). Cyanine dyes, for example (XXII), arc 

CAhClh • 

+ CHO0N((M.), - 


CH2CH3 


(XXII) 


-N(CHd 


azolidin>2-thione (XVII), is prepared by the reac- 
tion of chloroacetic acid with dithiocurhainate. 
Condensation of rhodanine with carbonyl com- 
pounds give tS-methylene derivatives (XVIII), 


formed from the reaction of an aldehyde such as 
p-dimethylaminobenzaldehyde with qiiaternized 2- 
methylhenzothiazole. Other benzothiazole dye ma- 
terials are obtained when p-toluidine is fused with 
sulfur. A mixture of dehydrothiotoliiidine (XXIII) 
and “Primuline dye bases” (XXIV) is formed. Sul- 
fonated “Primuline dye bases” (XXIV) is a com- 
mercial yellow dye which is used after diazotiza- 
tion by application to cotton. Other types of 
dyes have also been derived from benzothiazoles 
(XXIII) and (XXIV). 


S . N 


(XXIII) 


(XXIV) 



A commercial preparation of Captax or 2-mer. 
captobenaothiazole (XXI), a material of consider 
able value as an accelerator in the vulcanization 
of rubber, proceeds by heating aniline, carbon di- 
sulfide, and sulfur to 200-300^ Benzothiazole-2- 
sulfenamides (XXV), which are derived from 2- 



mercaptobenzothiazole, are also effective accelera- 
tors. See Dye; Organosulfur compound; SlJL^A 

DRUGS. fw.J.GE.] 
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Thickening 

The production of a concentrated slurry from a 
dilute suspension of solid particles in a liquid. In 
practice, a thickener is usually expected aNo to 
produce a clear liquid, and therefore thickening 
includes clarification as a concurrent olqective. 
Thickening and clarification are applications of 
sedimentation, and both arc representative of a 
larger group of industrial processes called me- 
chanical sepal ations. 

Thickening may be accomplished either in batch 
equipment or in continuous units. The latter is 
more common, fn continuous equipment, special 
means are needed to move the concentrated slurry 
to the outlet, and plants for this purpose art ^alled 
mechanically agitated continuous thickeners. An 
example is the Dorr thickener shown in Fig 1 The 
unit consists of a settling tank fitted with a slow- 
moving system of rakes driven by a vertical central 
shaft. The tank may have either a flat or shallow 
cone bottom. Mechanically agitated thickeners may 
he quite large. Their major dimensions are 20-300 
ft in diameter and 8-12 ft in depth. Small tanks 
may be made of wood, intermediate ones of steel, 
and large ones of concrete. In large thickeners, the 
rakes may rotate only once every 30 min 
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Rq. 1. Dorr thlckonor. (From J. H. Porrjr, #d., Cho^. 
ICO/ EoBWOor*- Handbook, 3d od., McGrawMI, 1950) 
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Fig, 2. Zone, In eontinuou, thickonor. (From W. 1. 
McCabo and J. C. Smith, Unit Operations of Cfiomico/ 
Engmooring, McGraw-Hill, 1956) 



Fig 3 Solid concentration, in continuouf thickonor, 
(From W. t, McCabe and J, C, Smith, Unit Oporatibrn 
of Chemical Engineering, MrOraw-Hill, 1956) 


Thirkpners are especially useful when large 
volumes of dilute slurru v must be treated, as in the 
manufarture of rement, the production of magne* 
sium from sea water, the treatment of sewage, and 
the purification of water. 

In operation, dilute feed pulp is admitted con- 
tinuously through a launder to a central well im- 
mersed to a depth of 2 3 ft below the surfare of the 
liquid in the tank. The liquid from the feed moves 
radially to the wall of the tank and overflows across 
the edge of the tank into a trough or laundei which 
circles the periphery of the tank. During the flow 
of the liquid, the solids brought in with it settle, so 
that by the time the liquid reaches the overflow 
laiinder, it is free from solid. The solids settle to 
the bottom of the tank and form a concentrated 
slurry. The rakes, without repulping the solids into 
the liquid, gently agitate the solids, break up the 
floes to aid the process of concentration, and move 
the thickened solids to the discharge in the center 
of the tank bottom. From the discharge, the thick- 
ened slurry flows to the suction of a sludge pump. 

Figure 2 shows the aones in a continuoua thick- 
ener, and Fig. 3 shows the relation between 
concentration of solids and the btdi^t above the 




thigii 

faol^m of the tank. Two main zones exist which 
are separated by an interface at which the rate of 
change, with vertical distance, of the concentra- 
tion of solids increases sharply in the direction top 
to bottom. The upper zone, in which clarification is 
accomplished, is free from solid in its top layers 
and supplies the clarified liquid overflow. Within 
the clarification zone, the solid concentration varies 
from zero to a small value at the interface between 
the zones. In the clarification zone, the solid par- 
ticles are sufficiently far apart that free settling 
takes place. The bottom zone, in which thickening 
is accomplished, contains most of the inventory of 
solid in the tank. The concentration of solid 
changes rapidly from that in the lowest level in 
the clarification zone to that of the thickened slurry 
leaving the thickener. The process occurring in this 
zone is essentially that of compression. See Sedi- 
mentation (industrial). 

To obtain satisfactory capacities, the feed to a 
thickener is often flocculated. The performance of 
a given plant operating on a given feed slurry 
depends largely on the major dimensions of the 
tank. To obtain a clear overflow, the upward veloc- 
ity of the liquid in the clarification zone must be 
less than the minimum terminal settling velocity of 
the smallest particles. Since the velocity of the 
liquid is proportional to the horizontal cross sec- 
tion of the tank, the clarification capacity is ap- 
proximately proportional to this area, and there- 
fore, to the square of the diameter of the tank. The 
solid concentration in the underflow, and hence the 
degree of thickening achieved, depends on the time 
allowed for action in the compression zone. Once 
the feed rate of dilute slurry is fixed, the time for 
compression is proportional to the height of the 
compression zone. The performance of the unit as a 
thickener is, then, a function of the depth of the 
tank. 

Larger capacities for a given floor area are ob- 
tainable in multitray thickeners. A single vertical 
steel tank is subdivided into a stack of individual 
settling compartments by shallow conical trays. 
Each tray is fitted with a rake-agitator which moves 
the sludge to the center draw-off of the tray. The 
thickened solids move down from tray to tray, and 
the final sludge, at maximum concentration, is dis- 
charged from the center of the bottom tray. The 
clear liquids overflowing from all trays are com- 
bined into a single overflow stream. Since clarifica- 
tion capacity is proportional to the total cross- 
sectional area of the settling zone, the ratio of the 
capacity of a multitray thickener to that of a single- 
stage unit of the same floor area is approximately 
equal to the number of stages. See Clarification; 
Separation (mechanical). [w.l.m.1 

Bibliography \ W. L. Badger and J. T. Banchero, 
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Comings, Thickening calcium carbonate slurries, 
/nd. Eng, Chem,s 32:663, 1940; J. H. Perry (ed.). 
Chemical Engineers* Handbooks 3d ed., 1950; A. F. 
Taggart, Handbook of Mineral Dressings 1945. 


Thigh 

In vertebrates, the region between the hip and the 
knee. The bony support of the thigh i« the large, 
weight-bearing femur, or thigh bone, which is sur! 
rounded by four muscular compartments in man. 
These contain functional groups for movements 
involving the body, thigh, and leg. Each is inner- 
vated by specific nerves arising from the lumbo- 
dorsal plexus. See Leg. 

Connective tissue surrounds other structures and 
also forms the ligamentous attachments of the thigh 
to the hip and knee joints. The arteries arise 
principally from the femoral artery. Blood returns 
to the body through both a superficial and a deep 
set of veins which drain primarily into the femora] 
vein. Subcutaneous tissue and skin cover the thigh 
and are traversed by superficial nerves and vessels. 

Analogous structures are present in most verte- 
brates, but less specialization is seen in lower tpt- 
rapods. \ e.c.st.] 

■V 

Thigmotrichida 

A restricted group of forms comprising an order 
of the Holotricha and generally found in associa- 
tion with mollusks from both fresh and salt water. 
Some are mouthless. Those species with a cytostome 
are generally equipped with a buccal ciliatiire 
which indicates an advance over the primitive hy- 
menostome arrangement. This structure is located 
at, or near, the posterior pole of the organism’s 
body. From an evolutionary p)oint of view, it is 
postulated that thigmotrichs are the connecting 
link between certain hymenostomes and tbe peri- 
trichs. Boveria (see illustration) and Hemispeira 



Bovoria, on •xomplo of o thiomotrlchid. 



are common genera. See Holotricha; see aiso 
Hymenostom ATIDA ; Peritrichida. r J.O.C,] 

Thinner 

A material used in paints and varnishes to adjust 
the consistency for application, Thinners are usu- 
ally solvents for the vehicle used in the coating and 
are expected to evaporate after application. Be- 
cause their only function is to make the application 
simple, it is important that their cost be low. Water 
is used as a thinner in emulsion paints and in cer- 
tain water-soluble paints such as water colors and 
calcimines. 

Petroleum fractions are most commonly used for 
oil and resin coatings. The fraction boiling between 
300 and 400 ° F, called mineral spirits, is most 
widely used. A lower-boiling, and faster-evaporat- 
ing, solvent is called VM&P (Varnish Makers’ and 
Painters’) naphtha. Still faster-evaporating mate- 
rials are called petroleum ether, lacquer diluent, 
or rubber solvent. Stronger solvents contain sub- 
stantial amounts of aromatic hydrocarbons and 
may be derived from petroleum or coal tar. These 
may be essentially pure materials, such as toluene 
or xylene, or mixtures designed to have the solvency 
and evaporation characteristics desired. Ser Sol- 
vent. 

Since numerous coatings resins are not suffi- 
ciently soluble in hydrocarbons, other materials or 
mixtures must be used. These include alcohols such 
as denatured ethyl or isopropyl alcohols for shel- 
lac. esters such as amyl acetate for nitrocellulose, 
and ketones and other compounds for acrylic and 
vinyl resins. Chlorinated hydrocarbons are used 
for some materials which are. otherwise, difficult to 
dissolve, but their toxicity limits their usefulness. 

The selection of a thinner h>r a coating formula- 
tion depends upon the resins used, the application 
and curing conditions, and the efTects desired. For 
example, fast-drying solvents will reduce the tem- 
perature of the surface, and under humid condi- 
tions, they may cause moisture to condense on the 
surface, producing the phenomenon known as 
blushing. 

Historically, the thinner used for conventional 
paints was turpentine, but because of newer and 
cheaper solvents, it has largely disappeared from 
paint manufacturing, although it is still used to 
some extent for thinning paints on the job. See 
Surface coating; Turpentine. 

Thio compounds 

Organo.snlfur compounds in which one or more sul- 
fur atoms replace oxygen. Because of tKfe fre- 
quent use of this nomenclature and the large num- 
ber of structural variations involved, the thio 
names may appear confusing but are generally 
understandable in specific cases. Thiols and thio- 
phenols are the sulfur analogs of alcohols and 
phenols. Di- and trithio compounds have 2 or J 
sulfur atoms, corresponding to the oxygen analogs. 
Acyl-SH compounds are the thio acids, for exam- 
ple, thioacetic acid, CH3C(==0)SH, of which many 


TMootdahyda ond dM 

are known, and which can be made ( 1 ) hiy acylating 
H*S, or its salts, ( 2 ) via RC(« 0 ) 0 H and P2S5, or 
< 3 ) from RMgX and COS (carbon oxyinlfide). 
Dithio acids, R— C(=S)— SH, may, for example, 
be made from RMgX and carbon disulfide, CSs 
(analogous to the reaction of Grignard reagents 
with CO2). Trithiocatbonates arc derivatives of 
S=C ( SH ) 2% the sulfur analog of carbonic acid, Di- 
thiocarbamates, related to carbamic acids, arc 
readily obtained in the form of salts (the free 
acids arc unstable) by the reaction, 2R2NH -f 
CS2 — ► R2NC (=S) S~ ( H2N^R2 ) . Carbon disulfide Is 
important technically for such reactions and also 
for reactions with alcohols and alkali to give 
xanthates 

ROH -f CSo + KOH-> RO C(=-S)S -f H2O 

for example, ethanol yields potassium ethyl xan- 
thate. The synthesis of thioiurbonates often 
starts from phosgene, 0 — CCI2, in which the reactive 
chlorine atoms can be replaced with sulfur groups, 
by reactions with RSH, RC( 0 )SH, and HSH. 

Many other compounds which carry the thio 
name are oxygen analogs. For example, thiocya- 
nates, RSCssN; isothiocyanates, R — N— C— S; thi- 
ourea, (NH2)2C— S; thioamides, RC(— S)NH2; di- 
thioesters, RC(— S)SR'; thio acid chlorides, 

RC(- S)C 1 

Oxidation of the thiocarbamates yields correspond- 
ing disulfides, known as thiuram disulfides, 

R2N -C (--S) (::--S) NR2 


some of which are highly effective vulcanization 
accelerators. 

Thiocyanogen (SCN)2 and chlorothiocyanogen 
(Cl -SCN) are also of interest. The former has 
properties similar to the halogens and hence is 
useful as a thiocyanaling agent, as in the prepara- 
tion of siilfenyl thiocyanates: 

RSH + (SCN) 2 -^ RS— SCN + HSCN 


Thiobarbiturates are barbituric acid derivatives, in 
which, generally, an RS group has replaced an 
alkyl or aryl radical in the 2 position of barbituric 
acid. 

The thio acids, dithio acids, thiocarbamates, di- 
thiocarhamates, thiocarbonates, trithiocarbonates, 
polythiols, thiocyanates, and many related com- 
pounds have a broad and useful set of chemical 
properties which have been reasonably well de- 
veloped. Many of these compounds have already 
found extensive industrial applications. See Mer- 
captan; Orcanosulfur compound; Rubber. 

fN.K.] 


Thioaldehyde and thioketone 

Organosiilfur compounds of structure 




They are isolable only in rare instances becattse. 



uttttte the exyseb eneloga (aldehydes and ke- 
tenee), diioidd^ydes and tbioketones tend strongly 
tn indymetiae, for example, 

(r -i=-s)i 

Hie triiner is a trithiane derivative, with alternate 
€ and S atoms in a 6-membered ring, each carbon 
of which bears R and H groups. The monomeric 
thiocarbonyl compounds are highly colored. The 
thiocarbonyl ( — C^S) group also is found in thio- 
urea and in heterocyclic thiones, but here tauto- 
meric structures in which C=^S becomes 
=C — SH arc generally involved. Hence, they are 
not true thiocarbonyl compounds. See Aldehyde; 
Ketone; Orcanosulfur compound. [n.k.1 

Thiobacteriaceae 

A family of nonfilamentous. gram-negative bacteria, 
of the suborder Pseiidomonadineae, able to oxidize 
inorganic sulfur compounds. Although widely dis- 
tributed in nature, Thiobacteriaceae are concen- 
trated where hydrogen sulfide o(*curs. Six genera 
are grouped in the Thiobacteriaceae, not because 
they are closely related, but for convenience. The 
genera are Thiohacterium^ Thiogloea^ Marromonas, 
Thiovultim, Thiospira, and Thiobacillus. Members 
of the first five have not been grown in pure cul- 
ture, and their physiology is virtually unknown. 
Hydrogen sulfide, free sulfur, and inorganic sulfur 
compounds, like thiosulfates, are oxidized to sulfu- 
ric acid by Thiobacteriaceae. This oxidation prob- 
ably represents their respiration and provides en- 
ergy for the fixation of carbon dioxide, although 
such carbon dioxide fixation has been demonstrated 
only in Thiobacillus, See Bacterial metabolism. 

Thiobacterium. These are rod-shaped nonmotile 
bacteria, 0.3- 1.5 X 1.0-5.0 //., forming small float- 
ing colonies on the surface of sulfide-containing wa- 
ters. The colonies appear white by reflected light 
as the result of sulfur deposition inside or outside 




l^^ThiobPCtenum 2* Mocromonas 
3- Thiovuium 4- Thiospria 
5- Thiobacillus 

Some genera of the Thiobacteriaceae. ( V . fi. D. Slrer- 
mon) 


Uie cells. Individual cells may be eipbedded in ^ 
pellicle or in soogloeal masses. 

TbiOglOM. These are nonmotile bacteria, vary- 
ing in shape from spherical to ellipsoid and in sise 
from 0.6 X 2-6 X 10 p. The bacteria ate at times 
entirely filled with droplets of amorphous sulfur. 
The droplets may be as large as 4 /i in diameter in 
the largest species. These bacteria fonn colonial 
aggregates in zoogloeal masses containing from less 
than 100 to several thousand individuals. 

Macromonaa. These cylindrical or bean-shaped 
motile bacteria, 3-14 X 8-30 /i, have a single polar 
flagellum 10-40 p long. One to four spherical in- 
clusions of calcium carbonate may nearly fill the 
cell, small sulfur globules may also be found inside 
the cell. 

Thiovuium. These nearly spherical organisms 
are 5 20 /a in diameter. The cytoplasm is commonly 
concentrated near one end of the cell and may 
contain sulfur globules. The remainder of the cell 
is occupied by a vacuole^ Rapid tumbling motion 
suggests polar flagellation, but no flagellum has 
been demonstrated. 

Thiospira. This group includes slightly bent or 
twisted motile rods, about 2 p wide in the center 
and 7-50 fi long, with one or two flagella at each 
end. The cells contain globules of sulfur and some 
metachromatic material. 

Thiobacillus. The<e rod-shaped bacteria are 
either motile, with a single polar flagellum, or non- 
motile. The bacteria are 0.5 X 1- 3 /a in size. Mem- 
bers of this genus have been studied in pure cul- 
ture. They are autotrophic organisms, using carbon 
dioxide as the sole source of carbon and deriving 
their respiratory energy from the oxidation of sul- 
fide, sulfur, thiosulfate, polythionates, and, in the 
case of T, thio< yanoxidans, thiocyanate. One spe- 
cies, T. novnfilus, can live either by sulfur oxidation 
and CO 2 fixation or on organic substrates, as a fac- 
ultative autotroph, while the other species are ob- 
ligatory autotrophs being unable to utilize organic 
matter. The oxidation of sulfur compounds requires 
oxygen, except that one species, T. denitrificans, 
can oxidize sulfur compounds anaerobically if ni- 
trate is present, the latter being reduced to nitro- 
gen. The fixation of carbon dioxide proceeds 
through reactions similar to those which partici- 
pate in photosynthetic carbon dioxide fixation (see 
Photosynthesis). 

The genus also includes T. thioparus^ the type 
species, distinguished by its deposition of molecular 
sulfur when grown on a medium containing more 
than 0.5% sodium thiosulfate, and T. thiooxidans, 
which is favored by a medium of pH 2-3.5, while 
all other species prefer pH 7-8. Morphologically, 
all species are indistinguishable, except ^at T- 
novellus is frequently wider (0.4-0.8 fx) than other 
species (0.5 p). Additional species have been re- 
ported. See Bacteria, taxonomy of ; Pseudomon- 

ADINEAF. ; SCHIZOM YCETES. f W.V.] 
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Thiocyanate 

One of a group of compounds both organic and 
inorganic, which contain the — SCN group and are 
derived from thiocyanic acid, HSCN, Uke cyanic 
acid, thiocyanic acid may exist in two forme, 

The lattr?; 

called isothiocyanic acid and gives rise to isothio- 
cyanates, which are well characterized as a class o( 
organic compounds. 

The inorganic thiocyanates resemble the cya- 
nides and halides because most of the metal salts 
are water-soluble (all except lead, mercuiy, silver, 
and copper salts), and manv complexes are 
formed with excess thiocyanate; for example 
[Pt(SCN)4]*^ and |Pt(SCN)a]-’ . 

Potassium thiocyanate can be used to titrate Ag^ 
as in the Volhard titration : 

Ag* + SCN — » AgSCN (white precipitate) 

An excess of reagent is detected by the forma- 
tion of a red complex of iron: 

Fe’M SCN -»Fe(.SCN)‘-*^ 

This latter reaction is used as a very sensitive test 
for both CNS and Fe'^ ions. 

Sodium thiocyanate is prepared by heating a 
mixture of sodium cyanide and sulfur. See Cya- 
NiDfc; Sulfur. [ef-wr.] 

Thioether 

One of a group of organosulfur compounds that 
are also called sulfides, RSR'. The simplest, di 
methyl sulfide, CH i - S CH<, is obtained in large 
amounts from sulfite waste liquors of wood treat- 
ment and IS the precursor of diinethvl sulfoxide, a 
useful sohent and chemical reactant. Some amino 
acids, such as methionine and lanthionine, are also 
sulfides. Mustard gas, CICHjCH^SCHjCHjCl, 
formed by the reaction of sulfur dirhloride, SClj, 
and ethylene, is a well-known \esicant. ^he ihio- 
ethers bear a formal resemblance to the oxygen 
ethers, and may be synthesized by analogous meth- 
ods, for example, via alkyl halides and sodium 
mercaptides, 

RCl 4 R'SNa-^ RSR' + NaCl 

Numerous practical uses of sulfides have been 
claimed, especially as fuel-oil additives, lubricant 
additives, and agricultural chemicals. See Amino 
acids; Chemical warfarf ; Ethf'R; Mercaptan; 
Organosulfur compound. |n.k.1 

Thiophene 

An organic heterocyclic compound containing a 
diunsaturated ring of four carbon atoms and one 
sulfur atom. See Heterocyclic compoi^nos. Thio- 
phene (I), mcthylthiophenes, and other alkylthio- 

phenes are found in relaUvely small amounU in 
coal ter and petroleum. Thiophene accompanies 


benrone in the fractional distillaUea of Obal tar. 
Purification is effected by treatment of coebter 
benzene with concentrated sulfuric acid, adiich ae- 
lectively forma water-soluble thiophenesulfomc 
acid. Alternately, treatment with aluminum chlo- 
ride selectively polymerizes the thiophene in die 
benzene to nonvolatile materials. 2,S-Dithienylthio- 
phene (II) has been found in the marigold plant. 
Biotin, a water-soluble vitamin, is a tetrahydrothio- 
phene derivative. 

Properties. The parent compound (1) is nearly 
insoluble in water (forming 0.02-0.04% sMilutiona 
at 20®), mp -38.2®C, bp 84.2®C, n^S 1.5287, and 
specific gravity (20/4) 1.0644. Thiophene has a 
resonance energy of 29 51 kcal 'mole, is stable to 
heat, and undergoes electrophilic substitutions (ni- 
tration, sulfonation, acetylation, halugenation, chlo* 
romethylatioii, and merr uration ) . Accordingly, thi- 
ophene is an aromatic system, (tenerally. electro- 
philic substitutions occur with greater ease than 
with benzene, but less readily than with furan or 
pyrrole. The entering group favors the or- position. 
Thiojdienev are stable to alkali and other nucleo- 
philic agents, and are relatively resistant to disrup- 
tion bv acid. See Akomahi hydrck arhon. 

Most oxidative processes (niiri' acid, ozone, 
hvdrogen peroxide) involving the nucleus have not 
pnived useful in opening the thiophene ring. Per- 
aielH or perbenzoic acid oxidize thiophenes (III) 
to thiopheiiesulfones (IV), which behave more as 
butadiene derivatives than as thiophenes. Sodium 
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in lupiid ammonia and methanol converts thio- 
piienr to a mixture of dihydro and a<*yclic prod- 
iKts. Raney nickel strips sulfur from thiophenes in 
a ring opening reartion, converting (V) to (VI). 
Catalytic hydrogenation o\er molybdenum or co- 


CH»() COOH 

(V) 


^ CHiO - 1 L-COOH 


(VI) 


bait sulfide catalysSts at high temperature and pres- 
sure, as well as over platinum or palladium cata- 
lysts in massive amounts saturates the ring. 

Bromine and chlorine react readily with thio- 
phenes, which undergo both substitution and addi- 
tion reactions. Control of conditions as well as the 
possibility of dehydrohalogenation by alkali of the 
products first-formed furnishes halogenated thio- 
phenes in practical preparations, lodinatioti of 
thiophene in the presence of mercuric oxide, or 
iodinalion of mercurated thiophenes gives lodinaled 
derivatives. 

PreparathHl. The tbiophene ring system iafomed 
by cyolization of 1,4-dicarboiiyl compounds in^tbe; 



praMmce of phosphorus sulfides (for example, 2,5- 
hexidione gives 2,5-dimethylthiopbene; 4-oxo-3- 
etfafjrlpentanoic acid gives 2-methyl-3-ethylthio- 
phene), or by cyclization of hydrocarbons with sul- 
fur or sulfur compounds at elevated temperatures 
(for example, the reaction of 2-methylbutadiene 
with sulfur at 320-420^ gives 3-methyithiophene; 
the reaction of ethylbenzene with sulfur in a bi- 
molecular process gives 2,4-diphenylthiophene). 
The commercial production of thiophene (I) from 
readily available butane or butadiene awaits only a 
large-scale demand. A laboratory synthesis converts 
sodium succinate to thiophene by heating with 
phosphorus sulfide. 

Alkylthiophenes are prepared by ring synthesis, 
by alkylation of thienylmagnesium halides with 
sulfate or sulfonate esters, or by reduction of 
thiophene ketones. 2-Vinylthiophene, potentially of 
interest as a polymerizable monomer, can be pre- 
pared by reducing 2-acetyIthiophene to methyI-2- 
thienylcarbinol, and dehydrating. 

Thiophene aldehydes are prepared by treatment 
of the thiophene with hexamethylenetetramine 
(Sommelet process), or with the /V-methylformanil- 
ide-phosphorus oxychloride reagent pair. Friedel- 
Crafts acylation, often with mild catalysts, gives 
thiophene ketones in good yields. Thiophene car- 
boxylic acids result from the silver oxide oxidation 
of thiophene aldehydes, the haloform oxidation of 
acetylthiophene, and the carbonation of thiophene- 
metal derivatives. Thiophene aldehydes, ketones, 
and acids show normal chemical behavior, similar 
to that of the corresponding benzene derivatives. 
See OncANOSULFUR compound; Thiazole. 

fw.J.CE.] 

Bibliography: R. Adams, et al. (eds.). Organic 
Reactions^ vol. 6, 1951; H. D. Hartough, Thiophene 
and Its Derivatives^ 1952. 

Thiosemicarbazone 

A class of chemical compounds used in the treat- 
ment of tuberculosis. These compounds were syn- 
thesized in the laboratory of G. Domagk, who had 
some years earlier introduced the sulfonamides to 
chemotherapy. It was, in fact, a direct outgrowth of 
a systematic investigation of the sulfonamides in 
tuberculosis that led to the finding of the tubercu- 
lostatic activity of the thiosemicarbazones. The 
most prominent member of this group is para-ace- 
taminobenzaldehyde thiosemicarbazone (Tibione ; 
Myvizone), which has achieved some clinical suc- 
cess in Europe. In the United States Tibione had a 

0 S 

CHsC— NH— CH=NNHCNH 2 

/j-Acetaminobenzaldehyde thiosemicarbazone 

brief clinical trial, but it was subsequently dropped 
because its use was accompanied by a high inci- 
dence of serious toxic reactions including anemia, 
agranulocytosis, and liver and kidney damage. 
Many mo^fications of the Tibione structure have 


been made with little success in producing a more 
highly active compound with reduced toxicity. 

In view of the close similarity between the or. 
ganism causing tuberculosis and that causing lep. 
rosy, the thiosemicarbazones have logically been 
tried in the treatment of leprosy. Despite some 
early successes with Tibione, it was found that re- 
lapses were common on prolonged treatment. Thus, 
it appears that the thiosemicarbazones are a more 
promising group for exploitation as antitubercular 
agents. See Chemothebapv ; Leprosy; TuBERdi. 

LOSIS. [n.j.c.] 

Thiosulfate 

A negative ion having the formula 8203^', which is 
derived from the unstable acid, thiosulfuric acid, 
H2SJO3. The usual qualitative test for the thiosul- 
fate ion is to add acid to the substance in question 
and watch for the white colloidal sulfur and the 
evolution of .sulfur dioxide when the unstable thio- 
sulfuric acid decomposes. . 

2H'^ + 820,1^" — > rH2S20.<] — > S + H2O + SO2 

Because sodium thiosulfate is formed by heating 
sodium sulfite and sulfur, this gives a clue to the 
fart that the two sulfur atoms in the ion have differ- 
ent roles. The ion is actually related to the sulfate 
ion with the substitution of a sulfur atom for an 
oxygen, thus: 
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The central sulfur atom has an oxidation number 
of 6-f , whereas the second has an oxidation num- 
ber of 2—. 

Sodium thiosulfate or hypo is used in photogra- 
phy to “fix” films bv dissolving the iinrearted silver 
halide. Sodium thiosulfate reacts quantitatively 
with iodine .solutions in the following manner; 


2S20f''' “h I 2 21 + SiOo^" 


I’his reaction can be used in volumetric analysis. 
See Oxidation-reduction; Photographic matf- 
RiALb ; Sulfur. \ e.e.wr.] 

Thiourea 

A crystalline, colorless solid (prisms or needles) 
having formula (I) 


S 



-NH2 (I) 


and melting point 180-182 °C. Thiourea is relatively 
insoluble in water (one part in 11) and only slightly 
soluble in ether. The three most common methods 
of preparation are (1) heating ammonium thio- 
cyanate, NH4CNS, to about 180® C where equilib- 
rium with thiourea is established; (2) the action 
of hydrogen sulfide at about 180®C on calcium 



cyanamide; and (3) the reaction of dicyandiamide 
and ammonium sulfide at fiO-TO^C: 

NH 

H*N- H— NH— CN + 2(NH4)jS 

4NH* + NH 4 SCN + HiN— CS— NHi 

Thiourea is the sulfur analog of urea, and like 
the latter, forms addition compounds with hydro- 
carbons (branched-chain, aliryclic, and straight 
chains of more than 14 atoms) It has been used to 
protect clothes and furs from insects. See UatA 
Chemically, thiourea exists m tautomeru forms, 
that is, 

S S-H 

HjN— il— NHj ^ HjN - C=NH 

and it often reatts as the latter form, known as 
pseudothiourea Thus, with an alkvl halide, siuh as 
ethyl bromide, ethyl thiouronium bromide is 
formed 

S-C 2 H 5 

1 ® e 

H2N— C- NIlzBr 

Thiouronium salts find use in the preparation of 
mercaptans, and of alkyl sulfon)! chlorides Ben/yl 
thiouronium thlonde, 

S-CH2 CfiHi 
[(BO 
II 2 N-C-NH 2 CI 

Is a valuable rt agent for the identifu ation of or 
ganii a< ids because with the sodium salt of an 
ac id, a ( rystalline thiouronium salt result- 

Condensation of thiourea with substituted rnalo 
me esters gives thiobarhituric acid derivatives Of 
the thiobarbiturales ] methvlbutvlelhylthioharbi 
tiirate as the sodium salt sodium pentothal (11), 
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CH^CHz C -NH 

/ '-0 0 

C C— S Na (II) 

/ ' / 

CHsCHjCHjCH C— N 
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is much used in anesthetic, premediration to re 
dure the amount of general anesthetic needed Se( 
Carboxyiic acid. Mercaptan, Urfid Itbr] 

Thirst 

Thirst usually calls to mind the subjective sensa- 
tions resulting from water deprivation, but studies 
of the topic have to include the total complex of 
motivated behavior concerned with the accurate 
supply of water to the organism. Viewed in this 
larger context, the study of thirst involves (1) the 
bodily cues that alert the organism to its need 
water, (2) the physiological process that mirrors 
accurately the quantity of water needed and, ot 
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particular interest in this proceae, (3) the meeha^ 
nism responsible for the inhibition of drinking 
^hen sufficient fluid has been ingested. 

Local sign theory. Serious scientific study of this 
problem started with an interest in the subjective 
sensation of thirst W B. Cannon’s local sign the* 
ory attempted to solve this problem in the areas of 
both hunger and thirst There was exclusive con- 
cern with the localized peripheral conditions that 
seemed to be responsible for indicating that a need 
for food or water had arisen. With regard to thirst, 
attention focused on the dry mucous membranes in 
the mouth and throat that normally accompany the 
onset of thirst Briefly, a shortage of water in the 
organism was said to lower the rate of salivation 
with the resulting dry mouth then being signaled to 
the central nervous system (CNS) via local sensory 
nerves This process, according to the local sign 
theory, would prompt the organism to drink and 
thus replace the needed water Subsequent studies 
have shown that, although a drv mouth may very 
well he one of the ( ues serving to remind an organ- 
ism that water !-» needed, a miii h more basic and 
complex mechanism is involved in the over-all 
monitoring of drinking behavior For example when 
salivation is depressed in experimental animals, 
they do, indeed, drink more frequently, but over a 
24 hour period they -.till drink no more in 

total than noimul animals (»f < omiiarable body 
weight SeeHiTNciR, Ni Rvors sysifm 
Water balance concept. The quantitative details 
of drinking behavior are closelv geared to the oi- 
ganism’s water halant f This balance is determined 
bv the dlgehrdK relationship between water intake 
and water loss Water is lost through three routes: 
fl) peispiration, (2) evaporation from refcpirat6ry 
passages and (i) urine and feces Under normal 
circumstances tetrestnal animals ingest water by 
only one route, the dunking of fluids When intake 
exrc^eds loss, the organism is said to he in a state of 
positive water balance, the reverse coitdition is 
tailed either negative water balance or the or- 
ganism IS said to he in a state of water deficit. 
The feeling of thirst sets in when this deficit is 
on the order of 1% of the body weight. When it 
reaches S of body weight, the organism be- 
comes weary and approaches collapse In moving 
from 10 to 20 deficit, the individual mo^es from 
gross physical and mental deterioration toward 
death In experimental animals it has been shown 
that the amount of water ingested is controlled by 
ihc degree of water deficit, but this still leaves open 
the question of how the underlying mechanisms 
operate physiologically. 

Physiological mechanism. Animals have been 
prepared so that water could be introduced directly 
into their stomachs without entering the mouth or 
throat, and several studies have shed some light on 
the problem of the physiological mechanism in- 
volved in thirst. When an adequate amount of water 
is placed in the stomach of a thirsty animal, there 
18 no drinking provided the animal is not allowed 
access to water for 15-20 minutes after being ^p^ 
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waterdi/’ ETidenee from dio«e and related experi* 
maiUi euggeste that water muat enter the circula- 
thm of the animal in order to influence the level of 
tbirit 

Two important circulatory changes which result 
from water deprivation can also be produced by 
other means. The changes are (1) decreased blood 
volume and (2) increased hemoconcentration, that 
is, increased concentration of solid material in the 
circulating blood. Hemorrhage produces the first 
circumstance exclusively, while the intravenous in- 
jection of strong salt solution leads to the latter. 
Both condidons cause increased drinking. It seems 
that both of these humoral changes produce thirst 
by virtue of a resultant effect common to both, 
namely, cellular dehydration. 

Cellular dehydration results when water moves 
from body tissues into the blood. Although the tis- 
sues of the body in general are involved in this loss 
of water to the circulation, the critical cellular 
dehydration as far as thirst is concerned is thought 
to take place in certain cells in the hypothalamus 
in the brain. These cells may be the same ones that 
are involved in triggering the release of antidiuretic 
hormone by the pituitary, in which connection they 
have been referred to as osmoreceptors {see Hor- 
mone, neurohypophyseal). Exactly how the neu- 
ral activity in these hypothalamic cells might lead 
to feelings of thirst or the ingestion of water is nut 
known. It has been shown, however, that the injec- 
tion of salt solution directly into this area of the 
hypothalamus does produce immediate drinking 
behavior in experimental animals which are not in 
a state of water deficit. See Brain. 

The cessation of a period of drinking, under 
normal circumstances, seemingly comes about too 
rapidly for absorption of the ingested fluids to play 
a role in stopping the animal's immediate drinking 
response. There is experimental evidence to sug- 
gest that this step in the complex process of drink- 
ing is quantitatively monitored by the swallowing 
mechanism itself. Sensory cues resulting from 
stomach distention may also be involved. 

The question has been raised as to whether the 
antidiuretic hormone, which reduces water loss 
through the kidneys, is directly involved in thirst 
and drinking behavior. The influence of this hor- 
mone in reducing water loss via the kidney, when a 
water deficit exists, makes it clear that it is at least 
influential with regard to the organism’s water 
balance. There is no convincing evidence, however, 
to suggest a more direct role in the regulation of 
drinking. See Body rhythm. [r.a.m.] 

Bibliography i C. T. Morgan and E. Stellar, Phys- 
iological Psychology, 2d ed., 1950. 

Thoracica 

An order of the subclaM Cirripedia. These crusta* 
ceans are permanently attached in the adult stage. 
The mantle is usually protected by calcareous 
plates, and six pairs of biramous thoracic append- 
ages are present. The abdomen is lacking or repre- 
sented by caudal furca. Antennules are discernible 



Fig. 1. (o) Lepas anatifera L (from D. P Henry, The 

Cirripedia of Puget Sound with a key to the species, 
Univ, Wash. Pubis. Oceanog., 4(1): 1-48, 1940). (b) Bo- 
lanus eburneus Gould, lateral view of shell, (c) B. 
eburneus, inner view of tergum. (d) B. eburneus, inner 
view of scutum (from 0. P. Henry, American waters, 
Friday Harbor Symposium in Marine Biology, Univer- 
sity of Washington Press, 1959). 

in the adult ; cement glands are strongly developed 
and these organisms are usually hermaphroditic. 

There are three suborders, the Lepadomorpha 
which are stalked barnacles, and the Verrucomor- 
pha and Balanomorpha, both sessile. Stalked barna- 
cles are attached by a peduncle and the animal's 
body is enclosed in a soft mantle (capitulum), usu- 
ally protected by calcareous plates. The cirri are 
protruded through the ventral opening by move- 
ments of the body and the opening is closed by ad- 
ductor muscles. In sessile Wnacles the animal's 
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Fig. 2. (a) Lepas fascicularis Ellis and Solander, with 

right side of capitulom, peduncle, and float removed, 
(b) Balanus, with right side of wall removed (From 
R. W. Hegner, Invertebrate Zoology, Macmillan, 1933) 


body is enclosed by an immovable wall formed by 
the overlapping of four, six, or eight platis and a 
movable operculum of one or two pairs of plates. 
The opercular plates have muscles for closing, and 
in the Balanomorpha also for opening. Sessile bar- 
nacles have a relatively wide membranous or calcar- 
eous basis for attachment. 

Barnacles use their spinose cirri to capture food, 
which consists of microscopic plants and animus, 
and carry it to the mouth. The piouthparts consist 
of a labrum and paired mandibles with uniramous 


palps, maxillulae, and maxillae. Tint digeitive Hys* 
tern 18 differentiated into a foregut, ralarged ndtlgiil 
^ with digestive glands, hindgut, ami anus, l^iairedex* 
cretory glands open on the maxillae, CircolatkMi h 
effected by lacunae, while respiration is mainly by 
the surfaces of the body and the mantle. The 
nervous system corresponds to that of other Gma* 
tacea but some ganglia are fused. 

In the hermaphrodite the reproductive system 
consists of ovaries with paired oviducts opening on 
the first thoracic segment, and testes with paired 
seminal vesicles opening into the penis. Impregna- 
tion occurs when spermatozoa are deposit^ near 
the openings of the oviducts by the penis of an 
adjacent barnacle, occasionally self-fertilization oc- 
c urs. A secretion from the oviduct unites the ferti- 
Ii 2 ed eggs into thin laminae, and development to 
the nauplius, or less commonly, to the cypris stage 
occurs in the mantle cavity. The number of larvae 
released al the cypris stage is small (about SO) 
compared to the number released at the nauplius 
stage (100,000 or more). Fertilization may occur 
two to three weeks after settlement, semi-annually, 
annually, or infrequently not until the second year. 

Immediately after settlement, growth is very 
rapid (up to 1-2 mm per day) accompanied by 
frequent molts of the body covering, mantle lin- 
ing, and, in sessile barnacles, the opercular mem- 
brane Rate of growth is greater in the tropics. 
Duration of life vanes from 1 year in many inter- 
tidal species to at least 10 years in some subtidal 
species. Sec CiRRiPFDU 

Thorianite 

A ladioactive mineral with the idealized composi- 
tion ThOz, thorium dioxide. Rare earths and ura- 
nium are often present in variable amounts, to- 
gether with small amounts of radiogenic lead. 
Thorianite is isometiu in crystallization and usu- 
ally occurs as worn cubic crystals. The hardness is 
about 7 on Mohs scale, and the specific gravity is 
9 7 9.8. The color is brownish black to reddish 
brown and the luster usually is resinous. Thorianite 
is a primary mineral found chiefly in pegmatites. 
It is best known as a detrital mineral associated 
with thorite, monazite, ilmenite, and other heavy 
minerals in the black sands of stream and beach 
deposits. It has been obtained commercially from 
detrital deposits and pegmatites in Madagascar 
and Ceylon. See Radioactive minerals; Rake- 
ear th elements; Thorium; Uranium; see alsg 
Lead isotopes, geochemistry of; Nuclear fuels; 
Pegmatite. [c.fr,] 

Bibliography. C. Frondel, Systematic Mineral* 
ogy of Vramum and Thorium, USGS Bull. 1064, 
1958. 

Thorite 

A mineral, thorium silicate, in which the element 
thorium was discovered in 1828. Thorite is tetFRg- 
onal in crystallization and has a crystal structure 
identical with that of the neeosiUcate eiFOeii, 
ZrSiOz- The idealized chemical formula of ihoiltiO 
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is TbS 04 . All Batumi material departs widely 
from this composition owing to the partial substitu- 
tion of uranium, rare earths, calcium and iron for 
diorium. Structurally, thorite usually has com- 
pletely lost its crystallinity because of radiation 
damage from the contained uranium and thorium 
(metaroict state). The specific gravity ranges be- 
tween about 4.3 and 5.4. The hardness is about 
4%. The color commonly is brownish yellow to 
brownish black and black. 

Thorite occurs chiefly in pegmatites. It also oc- 
curs as an accessory mineral in black sands and 
other detrital deposits derived from granitic or 
gneissic terranes. See Radioaciive minerals; 
Thorium. |c. frondel) 

Thorium 

Chemical element number 90, thorium, Th, was dis- 
covered by J. J. Ber/elius in 1828. However, little 
use was found for thorium before the development 
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of the incandescent gas mantle b\ C. A. von Wels- 
bach in 1885. Se>eral thousand pounds of thoiiiim 
oxide still go into the annual prodiution of these 
mantles. A small amount of thorium oxide is in- 
corporated in the tungsten (hat is used for eleftiic 
light filaments. The oxide is employed in <alal>sts 
for the promotion of certain oigann chemiial re- 
actions. Thorium oxide has special uses as a high- 
temperature ceramic material. The metal or its 
oxide is employed in some eleclronh lubes, photo- 
cells, and special welding electrodes. The metal 
ran serve as a getter in vacuum systems and in gas 
purification, and it is also used as a s< avengei in 
some metals. 

Because of its high densitv, chemical reactivity, 
mediocre mechanical properties, and relatively 
high cost, thorium metal has no market value as a 
structural material; however, it has important ap- 
plications as an alloying agent in some structural 
metals. Perhaps the major use for thorium metal, 
outside the nuclear field, is in magnesium technol- 
ogy. Approximately thorium, added as an al- 
loying ingredient, imparts to magnesium metal 
high-strength properties and creep resistance at 
elevated temperatures. The magnesium alloys con- 
taining thorium, because of their light weight and 
desirable strength properties, are being used in 
aircraft engines and in airframe construction. 


Thorium can be converted in a nuclear reactor 
to uranium-233, an atomic fuel. The system of tho- 
rium and uranittm-233 gives promise of complete 
utilization of all thorium in the production of 
atomic power. The energy available firom the 
world’s supply of thorium has been estimated as 
greater than the energy available from all of the 
world’s uranium, coal, and oil combined. 

Natural occurrence. Monazite, the most common 
and commercially most important thorium-bearing 
mineral, is widely distributed in nature. Important 
deposits occur along the shores of India, Brazil, 
and Ceylon. Other extensive deposits of monazite 
are found in South Africa, Russia, Scandinavia, 
and Australia. Domestic sources include deposits 
in Florida. Idaho, and the Carolinas. Monazite is 
chiefly obtained as a sand, which is separated from 
other sands by physical or mechanical means, fol- 
lowing dredging operations. The monazite sand 
concentrate is essentially an orthophosphate of 
rare-earth elements, and genierally contains 3-10 
ThO^. Other thorium-bearing minerals of lesser 
importance include thorite, thorianite, and urano- 
thorite. 

Metallurgical extraction. Processes for thorium 
recovery generally start by digestion of the mona- 
zite sand with either hot concentrated sulfuric acid 
or hot i onrentrated caustic. Subsequent chemical 
treatments, var>ing greatly even with the same 
initial treatment, yield a concentrate of impure 
thorium. This impure concentrate may be further 
treated hv a liquid-liquid extraction process to 
yield high-purit\ thorium. For a system consisting 
of watei. Irihutyl phosphate, nitric acid, thorium, 
and the associated impurities, conditions for opera- 
tion of an extractor can be set up to remove the 
thorium with the water-immiscible trihiilvl phos- 
jdiale phase, vAile the impurities are carried awa\ 
in the aqueous phase Generally, the purified tho- 
rium is either crystallized from solution as the ni- 
tiate oi precipitated as the oxalate. From these 
I)ure salts, the oxide or other c ompounds of tho- 
rium can he prepared. 

Because thorium is quite reactive, some difficultv 
is experienced in preparing thorium metal. Only 
hv electrolysis or b\ treatment with elements high 
in the electromotive force scries (the alkali and 
alkaline-earth metals), c'an good-cpiality thorium 
metal be satisfactorily prepared directly from its 
compounds. 

The calcium reduction of ThOj has been widely 
used for many years to prepare thorium metal. In 
this process, granular calcium metal is mixed with 
the thorium oxide and charged into a lined iron 
crucible which is then filled with an inert gas and 
heated to near 1000°C to form the thorium metal 
powder and calcium oxide. After cooling to room 
temperature, the thorium powder is recovered by 
leaching and then drying. Powder metallurgy tech- 
niques are employed to obtain the metal in mass. 

The electrodeposition of thorium from a bath, 
consisting of thorium chlorides or fluorides dis- 


solved in fused alkali halides^ yields granular tho- 
rium that may be pressed and sintered to give mas 
give pieces of ductile metal. 

Large-scale production of thorium metal is car- 
ried out by a bomb process. The charge, consisting 
of a mixture of thorium tetrafluoride, granular cal- 
cium metal, and zinc chloride, is placed in a re- 
fractory-lined vessel which is closed by a lid. This 
charged bomb is placed in a furnace held at about 
650*^0 where, after several minutes, the charge ig- 
nites spontaneously, and the resulting reaction 
yields a slag of calcium fluoride and calcium chlo- 
ride and an alloy of thorium and zinc. The tem- 
perature reached by the reaction in the charge is 
sufficient to melt the products, and the thorium- 
rich alloy collects as a molten pool under the liquid 
slag. The bomb is allowed to coo], and then the 
solid piece of thorium alloy is removed and cleaned 
of adhering slag. Next, the zinc is removed by heat- 
ing the alloy in a vacuum at a temperature of 
llOO^C, leaving the thorium metal as a sponge. 
Solid ingots of thorium metal are itrepared b> vac- 
uum-induction melting the sponge in a crucible or 
by shaping the sponge in the form of bars and 
melting these by consumable electrode arc-melt- 
ing. Good quality thorium metal can be readily 
worked to shape by standard methods of fabrica- 
tion. Sve Vacuum metallurgy. 

Properties of the element. Thorium has an 
atomic weight of 232. The metal has a density of 
11.7 g/cm\ Good-quality thorium metal is rela- 
tively soft and ductile. It can be shaped readily by 
any of the ordinary metal-forming operations. It 
must be protected, however, to prevent oxidation in 
treatments involving high temperatures. The mas- 
sive metal is silvery in color, but it tarnishes on 
long exposure to the atmosphere; finely divided 
thorium has a tendency to be pyrophoric in air. 

The atoms of thorium in the metal are arranged 
in a fare-centered cubic system at all temperatures 
below 1400°G. On heating, the atoms rearrange at 
this temperature into a bodv-centered cubic pat- 
tern, which is stable up to the melting temperature. 
However, the temperature at which pure thorium 
melts is not known with certainty; it is thought to 
be not far from 1750®C. 

Thorium is a member of the actinide series of 
elements, which includes protactinium, uranium, 
and the synthetic transuranic elements. It is radio- 
active with a half-life of about 14 X 10® years. It 
is the first member of the radioactive decay series 
which in a chain of 10 successive disintegrations 
(a and P combined) finally terminates as lead-208. 

All of the nonmetallic elements, except -the rare 
gases, form binary compounds with thorium. Bi- 
nary intermetallic compounds have been reported 
for thorium with beryllium magnesium, boron, 
aluminum, and silicon, and with most of the heavier 
metals in each of the long periods of the periodic 
table, beginning with the metals in group Vila. A 
number of the intermetallic compounds of thoriuiq, 
especially those with copper, silver, and gold, are 
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quite pyrophoric. A study of the binary alloy sys- 
tems of most of the metals in the subgroups a of 
groups III, IV, V, and VI with thorium mtui has 
shown no evidence of intermetallic compounds in 
these systems. 

Principal compounds. Thorium does not impart 
any visible spectrum colors to its inorganic com- 
pounds or their solutions. With minor exceptions^ 
thorium exhibits a valence of 4+ in all of its salts, 
Chemically, it has some resemblance to zirconium 
and hafnium. The most common soluble compound 
of thorium is the nitrate which, as generally pre- 
pared, appears to have the formula Th(NOa)4* 
4H2O. 

The common oxide of thorium is ThOa, thoria, 
which can be obtained by thermal decomposition 
of the nitrate, hydroxide, oxalate, or other com- 
pounds of thorium. A peroxide of thorium, ThaOr 
with water of hydration, and the hydroxide, 
Th(OH)i, can be precipitated from solutions of 
thorium salt«. 

The halogens form a variety of salts with tho- 
rium. Thorium tetrahalides of the general formula 
ThXi (X * halogen), anhydrous and with varying 
degrees of hydration, are known. ThOX2 and 
ThfOH)2X2 with and without water of hydration 
are known. The halides of thorium also tend to 
form double salts with other halides, such as those 
of the alkali metals. 

Thorium sulfate can be obtained in the anhy- 
drous form, or with 2, 4, 6, 8, or 9 molecules of 
water of crystallization. A somewhat insoluble 
basic sulfate forms when a dilute water solution of 
thorium sulfate is boiled. Double sulfates of tho- 
rium and alkali metals or ammonium are known. 
The hydrosulfate and the thiosulfate of thorium aro 
water-insoluble c<*mpound8. 

Thorium carbonates, phosphates, iodates, chlo- 
rates, chromates, molvbdates, and other inorganic 
salts of thorium are well known. Thorium also 
forms salts with many organic acids, of which the 
water-insoluble oxalate, Th(C>0i)2*6H20, is 
fairly important in the preparation of pure com- 
pounds of thorium. 

Analytical methods. Thorium in small quantities 
in rocks and other natural sources can be estimated 
by a study of the radioactivity of the sample. The 
chemical analysis of materials for thorium, how- 
ever, generally involves getting the thorium into 
solution with sulfuric acid. The thorium must then 
be isolated from other interfering ions, and this 
may involve obtaining from the sulfate solution a 
precipitate such as thorium iodate or pyrophos- 
phate which may be subsequfsntly treated for gravi- 
metric, titrimetric, or colorimetric determination 
of the thorium. The gravimetric method generally 
depends on formation of the oxalate, which is sub- 
sequently calcined to ThOs and weighed. A titri- 
metric determination can be made on a thorium 
solution by titration with ammonium molybdate, 
which forma a precipitate with thorium ; an outside 
indicator may be employed to determine the end 



poinl tfik titration. In a oolorimetric method^ a 
eompiex organic compound, referred to as Tborin, 
gives* with thorium ion* a color that can be meas- 
ured to indicate the quantity of thorium present. 
See Actinide elements; Radioactivity. [h.a.w.] 
Bibliography: G. T. Seaborg and J. J. Katz 
(eds.)* The Actinide Elements^ NNES, Div, IV, 
vol. 14A, 1954; G. T. Seaborg and L. L Katzin 
(eds.), Production and Separation of U-233, 
USAEC Report TID-5222, 1951; H. A. Wilhelm 
(ed.), The Metal Thorium^ 1958. 

Thrasher 

Any of 10 species of the genus Toxostoma, of the 
perching bird family Mimidae, 7 of which occur in 
the United States, 6 of them in the far West or 
Southwest. The brown thrasher, T. rufum, is the 
best known. It ranges from Alberta to Texas and 
east to the Atlantic coast. This long-tailed, curve- 



Tha brown thrasher, Toxostoma rufum, length to 12 in. 
{From E L Palmer, Fieldbook of Natural History, 
McGraw-Hill, 1949) 

billed songbird is a familiar species in the yard and 
garden, where it is often incorrectly called the 
brown thrush. Its song, usually delivered from a 
tree top, is rich and varied, similar to that of its 
relative, the mockingbird. See Catbird ; Moc king- 
bird; Passeriformes. [jd.b.] 

Threading 

The forming of a ridge and valley of uniform cross 
section which spiral about the inner or outer di- 
ameter of a cylinder or cone in an even and con- 
tinuing manner. The work must be produced with 
sufficient uniformity and accuracy so that the re- 
sulting threaded part will accomplish its intended 
purpose of fastening, transmitting motion or power, 
or measuring. 

Screw threads are classed as either external or 
internal. Thread chasing by cutting di^ and sin- 
gle-point turning plus milling, bobbing, grinding, 
and rolling are the usual means of producing ex* 



Fig. 1. Thread rolling machine set up to thread a 
steel aircraft jet engine mount, with minimum hardness 
of 40 Rockwell C. Work piece rotates at 1320 rpm, 
thread rolling dies contact the work for only 0.24 sec 
producing nearly perfect concentricity and a pitch 
variation of less than 0.0005^. (Landis Machine Co.) 



Fig 2 Threading machine with heat treated die head 
set up to cut 3 pitch extra deep thread at 7.6 surface 
feet per minute in ad lusting screw for construction 
machine (Landis Machine Co.) 

ternal threads. Most internal threading is done by 
tapping plus internal single-point turning, bob- 
bing. grinding, and milling 
Although machine threading is done on various 
machine tools, special threading machines may be 
used for quantity production. See Machining op- 
erations; Screw fastener; Screw threads, [a.t.] 

Threonine 

Phyaual of thr l iMtmer al 25 ( 

pK.fCOOH) pK.(NH,«) 962 
IboelrrUiL point 6 16 

Opiual roution lal„(H,0) -285 (a)p(SNH(l) -ISO 
Solubility (d/lOO ml H,0) 20 5 (ni) 

An amino acid which is considered essential for 
normal growth of animals. The amino acids are 




cbaracterisod phyrically by the following: (1) the 
pKi or the dissociation constant of the various ti- 
tratable groups; (2) the isoelectric point or pH at 
which a dipolar ion does not migrate in an electric 
field; (3) the optica] rotation or the rotation im- 
parted to a beam of plane-polarised light (fre- 
quently the D line of the sodium spectrum) passing 
throu^ 1 decimeter of a solution of 100 grams in 
100 milliliters; (4) solubility. See Equilibrium, 
ionic; Isoelbctric point; Optical activity; 
Sfectrophotometric analysis. 

Threonine reacts with periodate to form glyoxy- 
late, ammonia, and acetaldehyde, and is a biosyn- 
thetic precursor of isoleurine in microorganisms. 
Threonine is biosynthesized from aspartic acid 
(see Amino acids). 

The major pathway in metabolic degradation 
starts with the nonoxidative deamination to or-keto- 
butyric acid. This keto acid may be oxidatively 
decarboxylated to propionyl-CoA, or transaminated 
to form n-aminobutyric acid. Another pathway of 
threonine degradation involves an initial cleavage 
to glycine and acetaldehyde. [ e.a ad.] 

Thrip 

Any insect belonging to the order Thysanoptera 
Thrips are usually very small insects, the American 
species being S mm or less in length; however, 
some tropical specie*^ are almost in. long. They 
have two pairs of similar wings that are narrow 
and fringed all around with long hairs Thrips have 
mouthpartb of the sucking type. There are about 
3200 widely distributed species. Parthenogenesis 
is common, and males are unknown in some species. 

Thrips sometimes occur in great numbers and 
several species are harmful. A few bite man. Vari- 
ous species are major pests on such crops as glad- 
ioluses, onions, tobacco, and tomatoes. Most spe- 
cies feed on plants, but some eat fungus spores, 
and a few are predaceous on other insects. See In- 
slcfa, Thysanoptera. Ijdb.J 



The flower thrip/ franklinella fritiei; length about ^ 
in. (From E. L Poknor, Fleldhook of Natural Hittory, 
McGraw-Hill, 1949) 
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Throat 

The region that includes the pharynx, the lirjMkX, 
and related structures. Both the nasal passages and 
the oral cavity open into the pharynx, which also 
contains the openings of the Eustachian tubes from 
each ear. The lower portion of the pharynx con* 
nects with the esophagus and the trachea, or wTnd- 
pipe. The pharynx is shaped like a stocking top 
which is suspended from the base of the skull and 
the jaws; its walls are siirrounded by three con- 
strictor muscles that primarily aid swallowing. 

The larynx, or voice box, is marked externally 
by the shield-shaped thyroid cartilages which meet 
in the center to form the Adam's apple. The larynx 
contains the vocal cords that act as sphincters for 
air regulation and, in man, permit phonation. The 
lower end of the larynx is continuous with the tra- 
chea, a tube composed of cartilaginous rings and 
supporting tissues. 

The term throat is also used in a general sense to 
denote the front of the neck. See Larynx; Phar- 
ynx. [E.C.ST.j 

Thrombosis 

The formation of a thrombus. A thrombus is a solid 
body formed during life, composed of the elements 
of the blood platelets, fibrin, red cells, and leuko- 
( ytes 

Thrombus formation. Thrombosis is essentially 
platelet deposition and may occur on any blood 
vessel wall where the endothelium is damaged. 
Since platelets release thromboplastinogen, which 
in turn activates the clotting mechanism, clotting 
and thrombosis may occur together. Platelets ex- 
hibit a tendency to stick together. This tendency is 
in( reased if their number is increased, as in throm- 
bocytosis, if the velocity of the stream is decreased 
below a certain speed, or if the endothelium is 
roughened. The same factors piomote thrombus 
formation. Heparin, however, causes the platelets 
to lose their stickiness. The flow of blood is slower 
in the veins, which may be one reason for the 
greater frequency of thrombi there. Other deter- 
minative factors, as yet unknown, must also come 
into play. 

As the platelets fall out of the blood stream they 
tend to fall like grains of sand in a moving stream, 
covering any roughness in the wall. A series of 
ridges, or laminae, known at the lines of Zahn then 
forms at right angles to the stream. Leukocytes 
then stick to these. With the activation of throm* 
bopiastin, the clotting mechanism is set in motion 
and fibrin is added to the tjirombus. The thrombus 
is thus composed of platelets, fibrin, and a mixture 
of blood cells. 

With occlusion of a vessel, true thrombosis 
ceases, but clotting continues. The clot may be 
propagated to the next side branch. The propa- 
gated clot may float freely in the vessel, an^ored 
only by the Uirombus at the base. Under these con* 
ditions a piece may break off and travd in tibe 
blood stream, forming an embolus, ( 
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MtnddoMiif. This is the process which involves 
the dliaiige of blood from a fluid state to a solid 
clot. It may be said that three phases are involved 
in bleed clotting. (1) Thromboplastin formation 
is activated by a thromboplastin precursor, throm- 
boplasdnogen, which is released with the disinte- 
gration of platelets. (2) Thromboplastin reacts 
with several factors in the presence of calcium 
salts to convert the prothrombin of the plasma into 
thrombin. (3) The thrombin converts the fibrinogen 
of the blood into fibrin by polymerizing the mole- 
cules to form long fibrils, which constitute the re- 
sulting fibrin clot. 

In summary, a soluble protein, fibrinogen, is con- 
verted into an insoluble protein, fibrin, by means of 
an enzyme, thrombin. Other factors, such as factor 
V and factor VII (the heat labile and stabile fac- 
tors), are involved in the conversion of prothrom- 
bin into thrombin, and other factors enhance the 
thromboplastic activity of the platelets. See Blood ; 
Serum. 

Location of thrombi. Thrombi may form in the 
veins, arteries, capillaries, or within the heart it- 
self. The most common sites for the formation of 
thrombi are in the veins. Venous thromboses can 
be divided into two groups, venous thrombosis or 
phlebothrombosis, and thrombophlebitis. 

Phlebothrombosis, Venous thrombosis, or phle- 
bothrombosis, is the most important type and is 
often a sequela of generalized circulatory failure, 
trauma, or prolonged bed rest from any cause. 
When this type involves the great veins to a large 
extent, it may be followed bv fatal [uilmonary em- 
bolism. A common initial site for the formation of 
this group is the deep veins of the leg. See Em- 
bolism. 

Thrombophlebitis, Thrombophlebitis is the for- 
mation of a thrombus secondary to infection or in- 
flammation of the wall of the vein. In this case the 
thrombus is usually firmly attached to the vessel 
wall; hence the chance for embolization is much 
less. There is, however, the danger that the infected 
thrombus mav break up, with resulting septic em- 
boli. With the advent of asepsis and antibiotics this 
type of thrombosis has become less important. 



Organized thrombus with recanaiization; C, new chan- 
nels. 



Organized thrombus with scar formation; C, new chan- 
nels. 


Arterial thrombosis is usually due to local 
causes. A common predisposing lesion of the vessel 
wall is arteriosclerosis. This results in roughening 
of the intima and initiation of the thrombotic proc- 
ess. A common site for this^process is the coronary 
arteries. Thrombosis of a major branch of the coro- 
nary tree may be followed by a myocardial infarct 
if the collateral circulation to the myocardium is 
not adequate. A similar event may occur in the 
cerebral arteries with a resulting cerebral infarct. 
See iNf-ARCTION. 

Thrombi are found in the heart in three main 
sites: (1) on inflamed or extremely narrowed 
valves, forming vegetations; (2) on a necrotic en- 
docardial surface, as is associated with a myocar- 
dial infarct; and (3) in stagnation of blood in the 
auricle, as in auricular fibrillation. 

So-called capillary thrombi are really l^alin 
masses formed by the fusion of red blood cells. 

Clotting after death. Following death the blood 
clots in the heart, arteries, and veins, but not in the 
capillaries. Mstmortem clotted blood in the large 
vessels contains all of the cellular elements and is 
soft and red. This is the so-called currant jelly clot 
When this clotting is slow, however, the red cells 
fall to the bottom and the clot consists of leuko- 
cytes and fibrin. This type of clot has a pale yellow 
color, is firmer in consistency, and is known as a 
chicken fat clot. The clot microscopically has a 
uniform homogeneous appearance and shows none 
of the characteristic architecture of a thrombus. 

Fate of thrombi. The fate of thrombi once they 
are formed, is limited. If the thrombus is infected 
it mav break up, the pieces carrying the infected 
material to another site. The fibrin within the 
thrombus may contract, causing the thrombus to 
retract from the vessel wall. This newly formed 
space may then become endothelized to form a new 
channel. The thrombus can become completely 
absorbed consequent to the activity of the leuko- 
cytes. Materials with enzymatic activity have been 
used clinically in an attempt to dissolve newly 
formed thrombi, and have met with limited success. 

Finally, a process of organization may ensue. 
From the lining of the vessel, capillary buds grow 
into the thrombus, gradually absorb the mass, and 
replace it with organization tissue, as in any re- 


parative process. During the process, one or more 
vascular channels can be formed resulting in a par- 
Ual r^ti^lishment of the patency of the lumen. 
ThtB 16 called canalization of a thrombus. In other 
instances lumen is completely obliterated by 
scar. If this scar tissue becomes calcified it forms 
a phlebolith. This process occurs most often in the 
veins of the leg. See Inflammation. 

Many of the possible sequelae of thrombosis of 
a vessel are obvious. Thrombi in certain critical 
vessels can be followed by dire consequences. Arte- 
rial thrombosis can result in an infarct of the re- 
gion supplied by the vessel if the collateral circu- 
lation is inadequate. With mesenteric thrombosis, 
gangrene of the bowel may en.sue. Under these cir- 
cumstances surgical intervention must follow 
promptly or death will result. 

Occlusion of any vein causes stasis of blood in 
the region, with an acute passive congestion of the 
region being drained. Thrombosis of varices of the 
rectum or lower extremities mav result in local 
necrosis and ulceration. Finally, a thrombus may 
become detached from the vessel wall and travel 
in the blood stream as an embolus. [r.a.v | 

Bibliography: W. A. D. Anderson (ed.), Pathol- 
ogy, 3d ed., 1957; W. Boyd, A Test book of Pathol- 
ogy, 6th ed., 1953. 

Throttled flow 

Flow which is forced tf» pass through a restricted 
area, where the velocitv must be increased. Most 
of the kinetic energy produced by reduction of 
pressure in passing through the ( onslrii tion is gen- 
erally converted into thermal energv by turbulent 
eddying. The net result is a loss in mechcinical en- 
ergy in the system. When a gas is throttled, as by a 
globe valve, the velocity a short distance down- 
stream from the valve is only a little higher than 
before the throttling section in most cases, the 
process being one of constant enthalpy (see Isln- 
TROPic PRotEhs). By introducing mechanical en- 
ergy losses into a flow system by a throti.iiig \alve, 
the amount of flow mav be controlled. 

A special throttling effec t is produced when ga® 
flows through a constriction, such as a nozzle, al 
sonic velocitv. When this occurs, fuither reduction 
of downstream pressure does not alter upstream 
conditions and the flow remains constant. | v.i .s.J 



The wood thrush, Hytocichia muste/ma; length 8^4 
in. (From E. L Palmer, Field book of Natural History^ 
McGraw-Hill, 1949) 


in the genus, have olive-brown backs and spotted or 
streaked breasts, which makes specific identifica- 
tion difficult. 

The vaiied thrush, Ixoreus naevius, lives in west- 
ern North America, from Alaska to California. It 
IS more like the robin than the typical thrushes, 
being distinguished from the latter b> a dark band 
across the chest, which is obscure or lacking on 
the brownish females. See Passeriformes. | j.d.b.] 

Thrust 

In aviation context, thrust is the force that pro- 
pels an aircraft or a missile. It is usually expressed 
in pounds (English gravitational system) or in 
kilograms (metric gravitational system). It can be 
expressed in poundals (English absolute system) 
or dynes (metric absolute system). Conversion be- 
tween these units is gi\en in the table. The power 


Thrush 

Any of several species of perching birds of the 
family Turdidae. Most of the birds commonlv 
called thrushes in the United States belong to the 
genus Hylocichla, all five species of vhich are 
North American. The genus includes some famous 
songbirds. Best known to most Americans is the 
wood thrush, H, mustelina, which ne'.is in the east- 
em deciduous forests. In the northern coniferous 
forests H. guttata, the hermit thrush, is a favorite 
singer. The eery, or willow thrush, H. fuscesceM, 
breeds in the moist, mixed foresU across the north- 
ern United States and south in the mountains into 
Oilorado. All three of these, as well as the others 


Unil 

Pound 

Poundal 

Kilogram 

Dyns 

1 iKuind 

1 

32 2 

0 4S4 

4 43 X 1(P 

1 poundal 
1 kilo- 

0 0311 

1 

0 0141 

1 38 X 10« 

gram 

2.20 

71 0 

1 

9 81 X 10* 

1 dyne 

2.25 X 10-* 7.23 X 10“* 

1 02 X 10 « 

1 


of turbojets, ramjets and rockets is usually ex- 
pressed in thrust terms. * 

The product of thrust (in pounds) times aircraft 
velocity (in feet per second) is thrust power (in 
foot-pounds per second) and represents the nsefu] 
work suppli^ by the power plant. Fower in ft-lb/ 
sec can be converted to horsepower by dividing by 
550. 



HmnuBi 

number 69, thulium, Tm, is a rare metallic 
elamcMt belonging to the rare-earth group. Its 
atcmiie arei^t is 168.94, and the stable isotope 
makes up 100% of the naturally occurring 
element. It was discovered by P. T. Cleve in 1878. 
The salts of thulium possess a pale green color and 
the solutions have a slight greenish tint. The metal 
is produced by the reduction of the anhydrous 



fluoride with calcium or by the vacuum distillation 
of thulium from a mixture of lanthanum metal and 
thulium oxide. It has a high vapor pressure at the 
melting point. When thulium-169 is irradiated in a 
nuclear reactor, Tm^^” (half-life 129 days) is 
formed. The Isotope then emits strongly an 84-kev 
x-ray, and this material is useful in making small 
portable x-ray units for medical use. No elect! ical 
equipment is required and the unit has to be re- 
charged with a reactivated thulium button only 
every few months. The metal becomes antiferromag- 
netic at low temperatures. See Rarf-earth ele- 
ments. \ v . H. SFFDDINgI 

Thunder 

When lightning occurs, the resulting expansion of 
gaseous media is similar to an explosion and pro- 
duces an atmospheric compression wave which 
propagates outward at the speed of sound. The 
sound thus produced is thunder. The surge of 
current down the discharge channel frequently 
exceeds 30,000 amp. This extremely high current 
causes a sudden intense heating along the path and 
leads to the dissociation of the gases in the chan- 
nel. 

In general the sound cannot be heard more than 
5 -6 miles from the source because of the dispersion 
caused by the atmosphere. However when condi- 
tions between the thunderstorm and the observer 
are stable, thunder may be heard at a distance of 
perhaps 10-15 miles. Since lightning is seen al- 
most instantaneously (speed of light ~ 186,000 
miles/sec) while sound travels relatively slowly, 
one can estimate the distance to the lightning path 
by multiplying the number of seconds elapsed by 
1000 ft/sec, an approximate value of the speed of 
sound. 

The rumbling of thunder results mainly because 
the twisting nature of lightning paths causes varia- 


tion in the distance to the sound souxoes^aiid be- 
cause multiple strokes in the same path ptoduce a 
number of compression waves which interlmre with 
one another. 

Just before the loud report caused by a nearby 
lightning strike, a short click is usually heard. This 
sound has been ascribed to the stepped leader. 
See Lightning. [l. j. battan] 

Thunderstorm 

A convective storm accompanied by lightning and 
thunder, rain or rarely snow showers, and often 
hail. Gusty squall winds are observed near the onset 
of precipitation. The characteristic cloud is the cu- 
mulonimbus, a towering turbulent cloud often hav- 
ing an anvil-shaped top. Sheets or fragments of 
heavy cirrus, altocumulus, and low stratus or stra- 
tocumiilus, are often found in association. 

In many regions, particularly the tropics, thun- 
derstorms furnish much or most of the total annual 
rainfall. Cloudbursts, squall winds, hail, and light- 
ning associated with thunderstorms do many mil- 
lions of dollars damage annually. 

Although much heavier, thunderstorm rain is lo- 
calized compared with the frontal rain in a cyclone. 
Thunderstorms may be chaotically scattered over a 
wide area or may appear as large clusters, often 
arranged in lines (see Squall). An isolated thun- 
derstorm is perhaps 3-5 miles across; clusters 
20-50 miles across are common, while lines of 
clusters may be several hundred miles in length. 
Bases of thunder.storm clouds range from 1000 to 
3000 ft in moist air masses, up to 10,000-15,000 ft 
in dry air. Tops commonly reach 30,000-50,000 ft, 
but are higher in the tropics and lower in high lati- 
tudes. 

A thunderstorm consists of one or more cells, 
identified by 'di.stinct patterns of vertical motion, 
and it goes through characteristic stages of develop- 
ment. In the cumulus or growing stage, a thunder- 
storm consists of updrafts, or vigorously rising col- 
umns of air; in the mature stage (see illustration) 
both updrafts and pronounced downdrafts are 
found, and in the dissipating stage gentle down- 
drafts characterize the whole cloud or cell. Vertical 
speeds in the drafts have median values near 8 
m/sec, but may be several times stronger. 

Conditions for formation. If unsaturated air is 
lifted without addition or loss of heat, it cools 
by expansion at the dry adiabatic lapse rate of 
9.8® C/km. If saturated, it cools at the lesser moist 
adiabatic lapse rate because released latent heat of 
condensation partly counteracts the expansional 
cooling. If the existing decrease of temperature 
with height outside the cloud is greater than the 
moist adiabatic rate, a rising saturated air parcel 
becomes warmer and less dense than its surround- 
ings, and thermodynamic instability exists because 
the parcel would then be accelerated upward be- 
cause of its relative buoyancy. See Atmospheric 

ADIABATIC CHANGE. 

For such instability to be realized, the air rising 
from lower levels must have high moisture content. 



Diagram showing simplified circulation in a vertical 
section through a mature thunderstorm. (After G. A 
Suckstorff, H. R Byers, and R R. Braham, Jr ) 


Initiation of convection can result from surface 
heating, which causes local bubbles or columns of 
air to rise to saturation level, or from mechanical 
lifting bv a front or over rising ground 

Moisture for cloud and lam foimation is con- 
densed in the updrafts, because rising air as it 
cools can hold less water in vapor form Once rain 
begins, downdrafts form in the heavv ram area 
These are colder than the cloud enviionment, and 
sink by gravity force. Coldness of the downdraft is 
due to partial evaporation of raindrops, causing 
loss of heat by the air. Such cooling is intensified 
by entrainment, or drawing in through tin sides of 
the cloud, of dry air which can be cooled by evap- 
oration to a lower temperature than the air which 
originated in the initial updraft. 

On approaching the eaith’s surface, the down- 
drafts arc forced to spread out laterally, (^iisty 
squall winds, often of considerable forte, are found 
near the edge of the cold air diverging outward 
from the rain area. Foimation of new updraft cells 
results from lifting of the neighboring unstable air 
by the cold air spreading out from a mature thun- 
derstorm. By this process a cluster of thunderstorm 
cells may be continuously regenerated eveii*^thoiigh 
some cells dissipate. 

Because the ground and lower layers of the air 
are warmest in midaflernoon, instability is most 
pronounced then^ and thunderstorm incidence 
shows a decided peak at that time. Thunderstorms 
are most common in the tropics, and over middle 
latitude land areas in summer, but occur occasion- 
ally even at high latitudes. In the United Stat^t 
most frequent occurrences are in the mountainous 
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regions of the Southwest and over the fhafiB vigh 
insula. Most thonderslorm activity is {oimd In tsh 
^ions of general low-level convergence and weiit 
upward motions, such as on the advancing sides el 
cyclones and in the intertropical convergenee (see 
Storm). 

Electrical phenomena. Thunderclouds catty 
mainly positive charges in upper levels and nega- 
tive charges in lower levels. Theories for diarge 
generation include capturing of ions by droplets, 
charge separation by breaking of waterdrops, and 
generation on freezing of supercooled water. The 
cloud-earth electrical potential before discharge is 
of order 10^ volts; in an average lightning stroke 
about 25 coulombs of electricity are discharged in 
a current of 25,000 amperes. Thunder results from 
compression waves set up by violent expansion of 
air heated in the path of a lightning stroke. See 
AtMOSPHIKK FLfcCTRirnY. [C. W. NEWTON J 

Bibliography: T. H. Malone (ed.). Compendium 
of Meteorology. 1951; U.S. Weather Bureau, The 
Thunderstorm. 1949. 

Thymus gland 

A Ivinplioid organ in the neck or upper thorax of 
all vertebrates from elasmobranchs to mammals. 
It also occurs in some cvclostomes. Embryologi- 
callv, it arises as an outgrowth from the pharyngeal 
portion of the alimentary canal. A prominent organ 
dining early life, it commences to regress at the 
onset of sexual maturity and becomes largely re- 
placed with fat or fibrous tissue. Although not 
essential for life in the adult, the thymus plays an 
important role during fetal and early postnatal 
stagfs in the maturation of the lymphoid system 
(spleen, Ivmph nodes, and circulating lympho- 
<\les) and in the related development of normal 
immune reactions .Sec l.YMeHAnr systi M, 

Comparative anatomy and enrtiryoiogy. 

Throughout life in most fishes and amphibians, and 
during development in other forms, the thymus is 
closely associated with the epithelial lining (en- 
dcjderm) of the gill cavities, or the corresponding 
pharyngeal pouches of nonaquatic forms. 

In fishes One thymic anlage, the fir^t accumula- 
tion of c ells in an embryo recognizable as the rudi- 
ment of a developing part or organ, tends to arise 
from some portion, usually dorsal, of the lining of 
each pharyngeal pouch. Certain of these, however, 
may remain rudimentary. In some forms the an- 
lagen which develop fuse to form a single strand in 
.‘ach side of the neck. The definitive organs may 
remain closely attached to the epithelium of the 
gill chambers or withdraw to varying depths in the 
overlying connective tissue, but they seldom mi- 
grate to either lower or higher body levels. 

In clasmc^ranch fishes, the sharks and rays, 4he 
thymus appears as slightly lobulated masses of 
cells. These lie immediately beneath the epithelial 
lining of the dorsal portion of the gill cavity. In 
some ganoid and teleostean fish, t{)e thymus re- 
mains merely a thickened portion of this epitfielial 
layer, so that it resembles the tonsils of amiAfltins 
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und marnmak. These fish thymuses can frequently 
be seen as small, whitish spots shining through the 
muootds membrane of the gill cavity. In fishes as in 
all vertebrates the thymus must be sought in young 
animals, since it regresses following sexual matu- 
rity. 

Thymus in amphibians. The thymus occupies es- 
sentially the same position as in fishes. It is dorsal 
to the larval gill chamber, but somewhat farther re- 
moved from the mucous membrane. Being closer to 
the skin covering the surface of the neck (imme- 
diately behind the ear in Triton taeniatus)^ it is 
readily accessible to surgery. 

The amphibian anlagen also arise from the dor- 
sal portions of the pharyngeal pouches. Those from 
the more rostral pouches, I and II, usually fail to 
develop (see Pharynx). Those which develop may 
fuse into a single bilateral organ, or there may be 
a distinctly separate cranial and caudal pair, as in 
Necturus maculosus. 

Thymuses of reptiles and birds. These show 
much variation. However, they usually occur as 
two or more pairs of organs located essentially as 
they are in fishes and amphibians, that is, dorso- 
lateral to the esophagus and medial to the jugular 
vein at approximately the level of the thyroid 
gland, or more rostrally. Commonly, the anlagen 
arise from pouches II, III, and IV, with that from 
pouch II remaining rudimentary. In latet develop- 
ment a single anlage may separate into several 
masses which correspond roughly to the spaces be- 
tween the segmental nerves of the neck. 

Mammalian thymus. The usual structure is asso- 
ciated only with the mure caudal pharvngeal 
pouches. III and IV. During development, it may 
migrate yet farther caudally and ventromedially 
until in man, for instance, the bilateral halves unite 
to form a single bilobed organ in the ventral wall 
of the thorax between the pericardial cavity and 
the .sternum. J. A. Hammar divides mammals into 
three groups: those having only thorui k thymuses, 
those having only cervical thymuses, and those hav- 
ing both thoracic and ceivical thymuses In addi- 
tion to these chief organs, inconstant accessory 
thymuses raav occur in various other locations. 

Histology. The thymus is a highly lobulated cel- 
lular mass weighing 30-40 g at its point of greatest 
development in man (11th to 13th year). It is pro- 
vided with a well-developed cumnective tissue cap- 
sule and interlobular septa, but no lumen. Each 
highly branched lobule connects to a central core 
which is an elongated strand only 1 3 mm in diam- 
eter. Actually there are two of these cores, repre- 
senting the original paired thvmic diverticula from 
the third pharyngeal pouches. Thus, the human 
thymus is organized into two easily separable 
lobes, each having its own capsule and system of 
lobules. 

The thymic mass is composed chiefly of two 
types of cells, reticular cells and thymocytes. The 
reticular cells resemble those of other^Jlymphatic 
organs, lymph nodes and spleen, in that they have 
relatively large, pale-staining nuclei and elongated 
cytoplasmic bodies which tend to interconnect to 



Thymus of a 3-month old human infant. Histological 
section through a portion of one lobe. 

form a spongelike framework within the meshes of 
which the thymocytes aie held. 

The thymocvtcs closely resemble typical lymph- 
ocytes of othei oigans and circulating blood. Thus 
thymocytes and lymphocytes have the samf nu- 
clear. cytoplasmic, and mitochondrial configura- 
tion. Both leatt in the same way to irradiation with 
x-rays, and b<^h cell types, when removed to tissue 
cultures, wilr transfoim into plasma cells and ma- 
( rophages. On the other hand, thymoc >tes are said 
to be more sensitive to injected adrenocortico- 
trophin than are ordinary lymphocytes. 

The thymic lobules are sepaiated into two zones, 
a central medulla, where the lymphocytes (thymo- 
cytes) are widely scattered, and a peripheral cor- 
tex, in which they are densely massed. The strand- 
like rote of each lobe contains only medulla. 

Hassairs bodies are the only real histological 
peculiarity of the thymus. These occur in the me- 
dulla and are small balls from 30 to over 100 p in 
diameter of concentrically layered, flattened cells 
which are probably reticular. Those at the centers 
of the bodies tend to degenerate and hyalinize in a 
manner reminiscent of stratified epithelium and 
epithelial pearls of other organs. 

Histogenesis. From elasmobranchs to mammals 
the thymus arises out of two embryonic sources. 
(1) Its reticulum is an offshoot from some portion 
of the endodermal lining of the pharyngeal 
pouches. Biological literature contains much dis- 
cussion of a possible ectodermal contribution in 
some species. Some of the reticular cells about the 
blood vessels are said to have a mesenchymal origin 
like the reticular cells of other organs. In the adult 



the«e are indistinguishable from the endoderinal 
reticular cells. (2) The first thymocytes arise dur* 
ing fetal stages from cells of the endodermal 
reticulum (epithelium). But experiments with 
chromosomally marked cells injected into irradi- 
ated animals (irradiation destroys original thymo- 
cytes) show that other cells, particularly from the 
bone marrow, can invade the thymus and establish 
a new population. 

Physiology. The thymus is unique in that its 
major activity appears to terminate soon after 
birth, although the long-range results may persist 
indefinitely. Surgical removal in newborn animals 
leads to a subsequent malfunctioning of the mecha- 
nism of immunity, exhibited, for example, as in- 
creased tolerance of skin grafts and failure to 
produce antibodies against foreign proteins. Many 
neonatally thymectomized animals succumb to a 
wasting disease. If thymectomy is delayed, how- 
ever, until ,5 or 6 weeks after birth (mice), few 
such effects are seen. Associated with the changes 
in immunity following early thymectomy are 
marked alterations in the peripheral lymphoid sys- 
tem. Iiymph nodes and spleen fail to develop 
nodules and to produce normal quantities of 
lymphocytes. The number of ciiculuting Unipho- 
cvtes is reduced. It ib assumed that early thymic 
acthity delivers some influence (humoral secre- 
tion, migrating cells, or both) width is necessary 
for initiation of normal deyelopiiient in the peiiph- 
eral lymphatic organs (generally recognized as 
seals of the immune reactions) Two other central 
lymphcjid oiguns. the buisd of Fabric ius (birds) 
and the aj»pendix (rabbits), have been shc'wn to 
pioduce the same effect on pc'nplieral lyinjihoid 
maturation as the thvmiis See Immiinoi oc^ical 

lOLUlAiVrp ACQITIICI^D 

Response to adrrnal and sex hormones Atrophy 
of the thymus is brought about by sterend hormones 
of the gonads and adienal cortex, whether physio- 
logically secreted or injected An “age” and an 
“accidentar type of atrophy can be dis nguishcd. 
Normally, until the age of 13, thymic weight in- 
c rcases in rough pioportion to general body growth 
and then commences to regress under the influence 
of the sex hormones which appear in the hlooa 
stream at puberty (age involution). But if the pre- 
pubertal child IS subjected to stresses which call 
forth excessive secretion fiom the adrenal cortex, 
as in severe illness, starvation, exposuie to fatigue 
or cold, premature thymic atrophy results. This is 
accidental atrophy. Experimenters agree that thv 
adrenal cortical secretion acts directly on the thy- 
mus. Apparently the gonads act both directly and 
through stimulating the adrenal cortex. The en- 
suing atrophy results from destruction of lympho 
cytes rather than reticular cells. Involution is de- 
layed when either the gonads or adrenals are re- 
moved. Adrenal removal may even produce thymic 
regeneration. On the other hand, injection of gon- 
adal hormones can induce involution in adrenaler- 
tomized animals, though the degree of involution is 
greater if the adrenals are intact. 

Response to thyroid hormone. This may be essen- 


tially the reverse of response to gonads and adre- 
nal cortex. Increased thymic size accompanies thy- 
roid tumors, exophthalmic goiter, but this may be 
an indirect response through increased metallic 
rate, rather than a specific reaction to thyroid se- 
cretion. Conversely, an inhibitory effect which the 
thymus appears to exert on the thyroid forms the 
basis of a technique which has been recently pro- 
posed for assaying possible thymus hormones. 

Relationship between the thymus and cancer. In 
some strains of mice the thymus appears to play a 
central role in cancer produced by x-irradiation. 

Relationship between the thymus and myasthe* 
nia gravis. This relationship is not yet clarified. 
This rare and often fatal muscle disease appears to 
have an association with thymic tumors. Recovery 
following tumor removal has been reported. 

Abandoned theories. Several once-prominent 
theories of thymic activity have failed to receive 
confirmation and are now questioned. These are 
(Da possible relationship between the thymus and 
mineral metabolism, especially bone formation in 
mammals and shell development in birds; (2) a 
growth-promoting effect of thymic extracts which 
was described as cumulative over several genera- 
tions; (3) d supposed enlargement of th^ thymus 
in many cases of sudden death, particularly in chil- 
dren (status thymicolymphaticus). See Endocrine 
SY sThM; Hhviatopoifsis. [i. a garrett] 

Ribliogtaphy: Olga K. Archer, David E. R. 
Sutherland, and Robert A. Good, The develop- 
mental biology of lymphoid tissue in the rabbit; 
consideration of the role of thvmus and appendix, 
Lab. Invest.. 1.^(3) : 2.59-271, 1964. 

Thyratron 

A hot-cathode gas-filled tube with one or more 
grids placed between the cathode and anode to pro- 
vide control characteristics (Fig, D. Thyratrons 
operate in the gas arc region using mercury vapor 
where temperature control is possible, or an inert 
gas such as argon or xenon (sec Electrical con- 
DiKTioN i\ GASFs; Gas tubi ). In some tubes both 
men ury and an inert gas are used to take advan- 



Fig. 1. Negative-grid thyrotron. 



UfB ^ lkt» 4omable features af each. For appUca- 
tkms ^eqaisjug great accuracy in control, fast 
Moahsatiea, and very currents of short 

duratloii (aa in radar pulse-modulators), hydrogen 
gas is used, 

GoNtroi action. The control action of a thyratron 
is ifuite different from that of a vacuum electron 
tube. In the high-vacuum tube the anode current is 
modulated by the action of small varying voltages 
applied to the grid. In the thyratron the grid serves 
to prevent the flow of current until its potential is 
made less negative than a critical value. When 
this occurs, electrons from the cathode are accel- 
erated toward the anode and quickly produce an 
arc plasma by ionization by collision. Once the arc 
is established the grid has no further effect on the 
arc current as long as the anode is sufficiently posi- 
tive relative to the cathode to supply the arc volt- 
age. When the anode potential is made zero or 
negative, the arc is extinguished and the grid re- 
gains control after a period of time known as the 
deionization time or recovery time. This is the time 
necessary for the ions of the residual arc plasma to 
be neutralized to a sufficiently low density to per- 
mit the grid to regain control. The deionization 
time is affected by both applied grid voltage and 
the grid resistance and is about 1 millisecond for 
most tubes, although some special tubes have de- 
ionization times as low as 10 microseconds During 
the conducting peiiod the grid acts essentially like 
a probe in a plasma. A negative grid in a plasma 
collects a positive ion current from the plasma, 
while a positive grid collects an electron current. 
By varying the grid potential relative to the cath- 
ode, a grid current grid voltage characteristic can 
be plotted. The positive-ion space charge that forms 
about a negative probe has a thickness that can be 
calculated from the space charge ecpiation using 
the mass of the positive ions. At quite small arc 
currents and with grids having small holes for the 
arc path, this positive-ion space-charge sheath can 
become sufficiently thick so as to close off the con- 
ducting path and stop the current — a mode of 
operation that is seldom employed. Since the func- 
tion of the grid in a thyratron is to permit a rela- 
tively small negative voltage to shield the region 



Pig. 2. Control choractoristic of the negative-grid 
thyrotron. 


about the cathode from the positive field produced 
by the anode potential, it is evident that the gijd 
must be made increasingly negative as the anode 
potential is increased. 

Control charactoristica. The relation between 
the voltage necessary to prevent conduction and 
the anode potential is called the control character- 
istic. A typical control characteristic for a negative 
grid thyratron (triode), such as Fig. 1, is shown in 
Fig. 2. The shaded area represents the range that 
may be expected for a group of tubes. The dotted 
curve represents the characteristic of an average 
tube. For a given value of anode voltage the tube 
is nonconducting for grid voltages more negative 
than the characteristic Vg and conducting for a 
more positive grid voltage. The control character- 
istic of mercury tubes is also affected by the con- 
densed mercury temperature, so for this type of 
tube the characteristics are usually given for sev- 
eral typical temperatures in the recommended op- 
erating range. 

The construction of a shi(^-grid thyratron (tet- 
rode) is shown in Fig. 3. The grid control char- 
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Fig. 3. Shield-grid thyratron. 


actcristics of this tube are similar to those shown 
in Fig. 2. and are usually presented as a family 
with the shield-grid potential as a parameter. For a 
sufficiently negative voltage on the shield grid the 
tube is given positive-grid characteristics, that is, 
it is necessary to place a positive potential on the 
control grid before the tube will conduct. An im- 
portant advantage of the shield-grid tube for many 
applications is that the control grid requires only 
a small current to initiate conduction. The control 
grid is also so placed within the shield grid that 
heat from the cathode and the anode cannot reach 
it. Thus even if active material from the cathode 
reaches the control grid, its low grid-current prop- 
erty is maintained for a long period, as it never 
gets hot enough for thermionic emission. 

Ionization time. The ionization time of a thyra- 
tron is the time required for the rated starting volt- 
age on the grid to establish an arc in the tube. The 




ionizaikm time for most thyratrons is from 0.5 to 
10 microBeconds, depending largely on the gas and 
tube construction. 

Tbyratron ratings. Three current ratings are 
given for thyratrons: (1) the average current, set 
by the ability of the tube to dissipate heat; (2) the 
peak current, the largest instantaneous current that 
the tube is designed to carry — the peak current 
averaged over a period known as the integration 
time must not exceed the average current; and 
(3) the surge current (or fault), the greatest cur- 
rent that may be passed by the tube under abnormal 
conditions such as an arc-back or a load short cir- 
cuit. The life of the tube will be shortened each 
time this current is attained. Circuits should have 
sufficient impedance and be fused so that this cur- 
rent is never exceeded. [j d.c,] 

Bibliography \ J. D. Cobine, Gaseous Conductors^ 
1958; W. D. Cockrell (ed.). Industrial Electronics 
Handbook^ 1958; K. G. Genneshauser, Pulse Gen- 
erator^ 1958. 

Thyroid gland 

An endocrine gland found in all vertebrates that 
produces, stores, and secretes the hormone thy- 
roxin. The primary (unction of the thyroid is the 
regulation of the rate of metabolism. In humans, it 
lb located in front of and on either side of the tra- 
chea. 

The thyroid is usuallv a well eni apsulated single 
gland often with two distinct lobes connected by a 
narrow isthmus. In most bony fishes, however, the 
gland IS represented by diffusely scattered follicles 
lying along the ventral aorta In amphibians, birds, 
and some lizards, paired, widely separated thyroids 
are found In the lamprey the thyioid arise'^ from 
some of the cells which line the larval endostyle, a 
groove lying in the floor of the pharynx In all other 
vertebrates it takes its origin from the same region, 
usually arising as a groove or pit at the level of the 
first pair of gill pouches (Fig. 1). In some fishes 
and amphibians the cells appear as a suiid bud 
rather than a hollow structure. In their fuither de- 
velopment the cells of the pit or bud separate from 
the pharynx and migrate back to he ultimately in a 
region below the ventral aorta or the trachea. Dur- 
ing this migration they multiply rapidly and ar- 
range themselves into elongate cords or flattened 
plates. These finally break up into follicles each of 
which gradually takes on the characteristic form of 
a single epithelial layer surrounding a colloid-filled 
lumen. In some vertebrates, of which the human is 
one, a contribution to the lateral portions of the 
thyroid is made by tissue originating from thfe most 
posterior gill pouches. It is still uncertain whether 
these portions (lateral thyroids, ultimobranchial 
bodies) carry on typical thyroid activity or are, 
like the parathyroid glands, distinct functional 
units more or less fortuitously associated with the 
thyroid. See Ultimobranchial bodies. 

Embryonic origin. However, the various vert^ 
brate groups differ as to the time when the c^and 
first shows evidence of secretory activity and when 
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Fig. 1. Ventral view of pharyngeal region of o hu- 
man embryo showing the pharyngeal pouches and 
their glandular derivatives; semidiogrammatic. (From 
H V, Neal and H. W, Rand, Chordote Anatomy, 
Blakisfon, 1939) 


its hormone begins to affect development. In the 
frog the first organized follicles are seen in the 
thyroid when the larva is about 10 mm in length; 
while in the chick they appear after 10 days of in- 
cubation; and in the rat on the eighteenth day of 
development. The onset of thyroid function as 
judged b> the ability of the gland to concentrate 
radioiodine precedes actual colloid appearance but 
there is evidence that organic combination of io- 
dine, and therefore true hormone formation, is 
closely correlated with the time of colloid forma- 
tion. 

Thyroid and growth. The secretion of the thyroid 
gland plays an important part in the control of bod- 
ily growth in postembryonic stages. Growth during 
embryonic development seems independent of such 
control. Normal thyroid functioning is also essen- 
tial for the successful completion of many morpho- 
genetic processes. This is shown in anuran amphib- 
ians where the bodily changes involved in the 
transformation of the aquatic tadpole into the ter- 
restrial adult frog are under thyroid control, but it 
is also true for those vertebrates which do not un- 
dergo metamorphosis. 

Retardation of growth The significance of the 
thyroid for growth is exemplified by a certain type 
of human dwarfism, cretinism. The cretin is of nor- 
mal size at birth but early in |iIo, usually within the 
first year, a striking retardation of growth is mani- 
fested. This failure in growth, together with 
various abnormalities in physical and mental de- 
velopment, is due to congenital absence or mal- 
functioning of the thyroid gland. If the conditioa 
is recognized early and regular administration of 
thyroid hormone is instituted^ normal physical 
growth and development can be achieved. See Cre- 
tinism. 
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Sfiitet pf tivyroidectomy. Experimental removal 
of tho thyroid in laboratory mammals shortly after 
birth produces effects corresponding to those seen 
in cretins. Analysis of the results of administration 
of various hormones to thyroidectomized animals 
reveals that only the thyroid hormone is effective in 
inducing normal maturation of skeletal system, 
nervous system, and other bodily structures. On the 
other hand, the regulation of growth processes, as 
distinct from morphogenetic processes, proves not 
to depend solely on the thyroid. Growth of thyroid- 
ectomized young rats can be markedly increased by 
injecting extracts of the anterior lobe of the pitui- 
tary gland. However, optimal growth rates can be 
attained only when a combination of thyroid hor- 
mone and anterior pituitary growth-promoting hor- 
mone is given. It is now well established that 
normal growth in vertebrates is under multiglandii- 
lar control. It depends primarily upon balanced ac- 
tion of pituitary growth hormone, somatotropin, 
and thyroid hormone but it is also influenced by 
the secretions of the adrenal cortex and the pan- 
creas. See Hormone, adenohypopyskal. 

Thyroid and morphogenesis. The role of the thy- 
roid in morphogenesis has been most extensively 
studied in amphibians (Fig. 2). The metamorpho- 
sis of the tadpole into the frog involves obvious 
changes in body form such as loss of tail, rapid 
growth of limbs, protrusion of eyes, and alterations 
in the shape of mouth and head. Concomitant in- 
ternal changes include shortening of the digestive 
tract, growth of lungs, degeneration of gills, and 
histological modifications in the tissues of such di- 
verse organs as brain, stomach, and skin. These 
morphological changes are accompanied by 
changes in the physiological activities and capa- 
bilities of the organs concerned and thus an animal 
formerly adapted for life in the water now becomes 
adapted for terrestrial existence. 

In 1912 J. Gudernatsch discovered that tadpoles 
fed with mammalian thyroid gland undergo a pre- 
cocious metamorphosis, transforming into tiny 
frogs at a smaller size and u younger age than do 



Fig. 2. The effect of iodine implantation upon the 
metamorphosis of the Mexican axolotl (Ambtysfoma 
tigrinum), (a) Untreated gilled or axolotl stage, (b) A 
similar specimen 30 days after the implantation of io- 
dine crystals below the skin. Observe the atrophy of 
the gills ond the loss of the toil fin. (From C D. Tumor, 
Genoral Endocrinology, 2d ed., Saundors, 1955) 


tadpoles fed any other diet. Subsequent iavestlga, 
tors devised methods for surgical removgl of the 
thyroid and showed that tadpoles lacking this gland 
fail to metamorphose although they continue to live 
and increase in size long after unoperated animals 
of the same age have transformed into youtig frogs. 
Administration of thyroid hormone to thyroidec- 
tomized tadpoles either before or after the norma] 
time for metamorphosis elicits a prompt metamor* 
phic response. 

Changes during metamorphosis. The transforma- 
tions that take place at metamorphosis have been 
studied in detail. For many of them it is known not 
only how they occur during normal development 
but also how they are influenced by thyroid re- 
moval, generalized thyroid administration, and lo- 
calized application of thyroid substance by implan- 
tation of hormone-containing pellets. Most 
metamorphic events prove to be under direct thy- 
roid control. A few, however, such as the perfora- 
tion of the operculum to permit emergence of the 
forelimb, are at least partially dependent upon 
other factors. Since these other factors are them- 
selves influenced by the thyroid, this is an example 
of indirect thyroid control. It is of interest that the 
development of the gonads is not dependent upon 
the thyroid. Precocious metamorphosis induced by 
early thyroid administration is not accompanied by 
precocious sexual maturity, and the ovaries and 
testes of thyroidectomized tadpoles develop noi- 
mally. 

The bodily alterations that characterize meta- 
morphosis do not occur simultaneously. Some 
changes, like growth of the hind limbs, begin garlv 
and require several weeks or months for their com- 
pletion: others, such as tail resorption and loss of 
tadpole mouthparts, occur later and more rapidly. 
The sequence and spacing of metamorphic events 
is determined by two factors : ( 1 ) the changing 
rate of secretory activity in the thyroid and (2) dif- 
ference in the rates of response of the tissues af- 
fected. The thyroid of the tadpole maintains a low 
level of hormone production dining early larval 
life. Secretory activity begins to increase gradually 
just before the hind limbs start to enlarge and 
reaches a peak near the time of metamorpihic cli- 
max. The various ti'^sues and organs which un- 
dergo changes at metamorphosis differ in their 
rates of response to a given concentration of thy- 
roid hormone. Thus, during the early phases of 
metamorphosis, when the amount of hormone re- 
leased into the blood stream is low, only a few 
changes, notably growth of the hind limbs, are seen. 
Later, as the concentration of hormone in the blood 
increases, other changes appear in a definite se- 
quence and proceed with a characteristic speed. 

Tissue response. The responses of the tissues to 
the metamorphosing agent are quite diverse. Some 
organs grow, others are resorbed, still others show 
specific histological alterations. Moreover the re- 
sponse of an individual organ is often not the same 
in different groups of amphibians. Anurans lose the 



tail at metamorphosis while urodeles do not, 
changes in the mouthparts are very different in the 
two groups, and rapid hind limb growth is exclu* 
sively an anuran metamorphic feature. The precise 
nature of the change elicited in a tissue or organ 
by the thyroid hormone is not determined by any 
general physiological effect of the hormone but de- 
pends, rather, upon factors inherent in the tissues 
themselves. The characteristic differences in modes 
of response are genetically determined and they 
appear during early development as one of the 
features of embryonic differentiation. However, the 
tissues of very young larvae are not capable of 
manifesting any metamorphic response even when 
exposed to high concentrations of thyroxine. Sensi- 
tivity to thyroid hormone first appears at the time 
when the external gills become covered by the 
opercular folds. 

Hormonal control of thyroid. Although metamor- 
phosis is controlled by the thyroid gland, the ac- 
tivity of the thyroid itself is governed by a hormone 
of the anterior lobe of the pituitary, thyrotropin or 
TSH. For this reason, removal of the pituitary of a 
young tadpole effectively prevents metamorphosis 
even when the thyroid is left intact. In such an ani- 
mal the thyroid develops normally but remains 
small and inactive. Administration of thyrotropin 
results in activation of the thyroid and metamor- 
phosis follows. Thyrotropin cannot bring about met- 
amorphosis in thyn>ideclomized tadpoles so it is 
clear that its effect is not a direct one but is exerted 
entirely through the thyroid. It must be assumed 
that the pattern of increasing activity seen in the 
thyroid during larval life reflects a corresponding 
increase in the pituitary’s rate of thyrotropin pro- 
duction. However, evidence for such changes in 
pituitary activity are still lacking. 

Experimental methods. Surgical removal of the 
thyroid can be performed successfully in amphib- 
ians at any stage from the origin of the gland up to 
the adult organ. For most other vertebrates thy- 
roidectomy at embryonic or fetal stages presents 
considerable technical difficulty. Therefore most 
such experiments have begun with newborn mam- 
mals or new-hatched birds or reptiles. Evidence 
concerning the significance of the thyroid for ear- 
lier developmental processes in these animals may 
be obtained, however, by the use of three indirect 
methods: (1) pituitary removal, (2) destruction of 
the thyroid by radioiodine, (3) prevention of 
thyroid activity by thyroid-inhibiting drugs. 

Removal of pituitary. In the chick embryo, re- 
moval of the pituitary can be accomplished by sim- 
ply cutting away the front part of the head. This 
results in a high mortality but some operated 
chicks do survive even up to hatching. The thyroids 
of these animals remain inactive, yet the develop- 
ment of the body, including some features which 
occur only at metamorphosis in amphibians, is not 

affected. • 

Radioiodine. The use of radioiodine as a means 
of eliminating thyroid influence depends upon the 
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gland’s differential affinity for iodine. RadiMiodine 
injected into the egg or administered to the fetns 
is concentrated in the thyroid, and if the ddaage is 
properly adjusted, radiation damage occurs in the 
cells of the thyroid but not in other tissues. Obvi- 
ously this method cannot be used to eliminate thy- 
roid influence completely from the very beginning 
since it is not effective until the gland has become 
sufficiently developed to carry on its iodine-concen- 
trating activity. 

Nevertbelesh the results of such experiments 
correspond quite closely to those obtained by the 
use of thyroid-inhibiting drugs. 

Thyroid inhibitors. Substances which inhibit thy- 
roid function do so either by interfering with the 
gland’s ability to concentrate iodine or by prevent- 
ing the combination of iodine with protein to form 
the thyroid hormone. Such substances can be ad- 
ministered to fish or amphibian embryos bv dis- 
solving the drugs in the water in which the animals 
are raised. Reptilian or bird embryos may be 
treated by injection into the egg. For mammals, ad- 
ministration of the inhibitors to the mother during 
pregnancy is effective. Inhibition of thyroid activ- 
ity by proper concentrations of thiourea, thiocya- 
nate ion, or perchlorate ion completely prevents 
metamorphosis in amphibians and does not affect 
the growth rate. In fishes some effects upon growth 
have been reported and the development of second- 
ary sex characters is prevented or delayed. In both 
the turtle and the chick, thyroid inhibition causes 
delay or complete failure of the processes of hatch- 
ing and of retraction of the yolk sac into the body. 
(Growth rale is also affected to some degree. Treat- 
ment nf pregnant rats does not affect the growth or 
development of the young although the thyroid of 
the fetus shows tlear evidence that its secretory 
activity has been inhibited. 

Admini*)tration of thyroid inhibitors beginning 
just after birth or alter batching produces the 
same cretinoid effects as are seen after thyroidec- 
tomy. These include decreased growth rate, abnor- 
mal fat deposition, delayed fissification of the 
bones, and underdevelopment of the brain. Thus in 
higher vertebrates, as in the frog, many important 
maturation pnicesses are carried out under thyroid 
control. (w.c.LY.j 

COMPARATIVE ANATOMY 

The thyroid receives an exceptionally rich blood 
supply. Postganglionic fibers from the cervical gan- 
glia and vagus enter with the blood vessels and 
form exten.sive plexuses around the smaller arter- 
ies. This innervation does not appear to be essen- 
tial for normal thyroid function except as it con- 
trols the rate of blood flow through the glaqd. 
Microscopically (Fig. 3), the tissue consists of 
numerous vesicles lined by a single layer of epithe- 
lial cells and containing a gelatinous material 
called colloid. This is the gland’s store of hormone. 
The height of the secretory cells and the amount of 
colloid vary with the functional state of the gland. 






Fig. 3. Ventral view of human thyroid gland shown 
in relation to trachea and larynx. (From C. K, VVeic/i- 
ort. Anatomy of the Chordafes, 2d ed,, McGraw-Hill, 
1958) 


Thyroid secretion is controlled largely by the thy- 
rotropic hormone from the anterior pituitary. 

Fishes. In most fishes the thyroid is represented 
by diffuse masses of follicles scattered along the 
large arteries which enter the gills ventrally, or 
tucked between muscles in the pharyngeal floor. Tn 
elasmobranchs the follicles are aggregated in a 
single mass. In the remaining fishes (except lam- 
preys) and in higher vertebrates a pair of thyroid 
masses, often connected by a median strand (isth- 
mus), usually occurs. Minute accessory thyroid 
masses are common. 

Amphlbiani. In amphibians the thyroid lobes lie 
under cover of certain muscles of the buccal or 
pharyngeal floor near the caudal angle of the jaws 
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Fig. 4. Histologic feoturas of the normal thyroid gland 
of the rat. (From C. 0. Turner, General Endocrinology, 
2d ed.. Sounders, 1955) 


(anurans), or at the base of the branchid arches 
(urodeles). 

AmniotM. In amniotes the two oval or elottgated 
glands lie against the trachea, immediately below 
the larynx in mammals (Fig. 4) , part way down the 
trachea in lizards, still farther caudad in o^er rep- 
tiles, or just above the bifurcation of the bronchi 
in birds. In most mature reptiles the gland is un- 
paired. The thyroid glands of man are attached to 
the thyroid (shield-shaped) cartilage of the larynx. 

Phytogeny. A clue to the phylogenetic history of 
the thyroid is found in lampreys. In marine species 
an elongated rod of cells capable of selectively ab- 
sorbing iodine-rich substances is located in the 
pharyngeal floor between the second and fifth gill 
pouches. In larval brook lampreys the iodine-cap- 
turing cells are part of a complicated subpharyn- 
geal gland (endostyle) which evaginates from the 
embryonic pharyngeal floor. At metamorphosis, the 
gland loses its connection with the pharynx and re- 
mains as isolated thyroid ntjisses underneath the 
pharynx. Embryonic origin of the thyroid of higher 
vertebrates as a pharyngeal outpocketing probably 
represents a recapitulation of the phylogeny of the 
gland. Although the embryonic pharyngeal connec- 
tion is usually lost, a duct remains patent in some 
elasmobranchs. Even in man remnants of the duct 
may persist. [g.c.k.] 


PHYSIOLOGY 

The thyroid, a gland of internal secretion, manu- 
factures, stores and secretes a hormone that regu- 
lates the metabolic rate. The lobes are composed of 
follicles lined with secretory cells and filled wHh a 
substance called colloid, the storage product of the 
secretory cells. 

Thyroid metabolism. Thyroid metabolism has 
been studied tH^ough the techniques of chromatog- 
raphy and autoradiography of compounds labeled 
with the radioactive isotope of iodine, I*'^*, and a 
variety of iodinated compounds have been identi- 
fied in the thyroid, blood, and tissues. With the dis- 
covery of triiodothyronine, which has greater 
biological potency than thyroxin, a question arises 
concerning the nature of the thyroid hormones. 
The final answer is not yet available, but it is cer- 
tain that thyroid actions are mediated by multiple 
hormonal agents. 

Amino acids are essential for the biosynthesis of 
hormones of the pituitary gland, pancreas, adrenal 
medulla, and thyroid. The biosynthesis of thyroxin 
makes essential the provision of tyrosine (or phen- 
ylalanine) from which the hormone is probably 
produced. The formation of thyroxin from tyrosine 
and iodine may be represented as shown in the 
accompanying equations. 

Thyroxin can be prepared in the laboratory by 
treating tyrosine-containing proteins, for instance 
casein, with elemental iodine. This process appar- 
ently is not enzymatic. Such iodinated thyropro- 
teins may be prepared cheaply and used for treat- 
ment of farm animals. 
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Thyroxin is the principal hormonal constituent 
of the blood; the other lodothyronines being pres- 
ent only in minute amounts. Once thyroxin enters 
the circulation, it becomes promptly bound to 
plasma pr(»tein (probably an a-globulin) The thy- 
roid hormones are metabolized principally in the 
liver and kidneys. In the liver thvroxin and to a 
lesser extent triiodothyronine are conjugated as 
glucuronides. and then freed into the intestine via 
the bile; both compounds may undergo oxidative 
deamination in the liver to form the corresponding 
pyruvic arid derivatives. In the rat, much of the 
hormonal iodine is excreted in the feces as thyrox- 
in; but in man it is excreted chiefly by the kidney 
as iodide. 

The normal thyroid has a remarkable capacity to 
take up inorganic iodine from the blood and fix it 
in organic forms. The enzymes of the gland which 
affect these transformations are unknown. While 
the thyroid hormones are known to increase the 
quantities of many important tissue enzymes, and 
to exert generalized actions within organisms, re- 
search has failed to reveal what might be a spe- 
cific thyroid effect upon a target tissue or organ. It 
is certain that thyroid function is closely inte- 
grated with other endocrine systems of the body. 

Thyroid physiology. This aspect has been eluci- 
dated by both experimentalists and clinicians, and 
the general aspects are well known. Deficiency may 
be produced by surgically removing the gland or by 
administration of antithyroid substances such as 
thiourea, thiouracil, and sulfa drugs. These com- 
pounds apparently exert their action by preventing 
the normal synthesis of hormones by the gland. In 
human beings, thyroid tissue may be congenitally 
absent or subnormal in amount; tbe study of suck 
cases is instructive. 
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Hypothyroidism. Hypothyroidism is refteptod by 
reduced metabolic rate in warm-blooded tnimdiM. 
Tjiere appears to be a gradual reduction in certain 
cellular enzymes and, as a consequence, all meta- 
bolic processes are retarded. This alteration in the 
rate of tissue oxidation appears to be the most 
specific and basic role of the thyroid hormones. 
Blood pressure, cardiac output, heart rate, and cir- 
culation time are all reduced. The motility of the 
gastrointestinal tract and the secretion of digestive 
juices are diminished. Body temperature and rale 
of breathing are typically below normal. Hypothy- 
roidism in cold-blooded animals appears not to 
lower the basal metabolic rate (BMR), though it 
delays somatic differentiation in these species. Thy- 
loid compounds accelerate metamorphosis in Am- 
phibia and this effect is widely used for bioassay of 
these hormones. 

Deficiency in young individual^ impairs growth 
and results in a type of dwarfism. Cretinism is due 
to thyroid deficiency during infancy and childhood, 
and is characterized by stunted growth, mental im- 
pairment, and an infantile facies caused by poor 
development of the skeleton. Sexual development is 
generally delayed. Hypothyroidism in adult man 
(myxedema) is accompanied by thickening and 
puffiness of the skin and subcutaneous tissues giv- 
ing the body an edematous appearance, scaliness of 
the skin and loss of hair, and often extremes somno- 
lence. 

In addition to mental retardation which may ap- 
proach imbecility or idiocy, the diminished fre- 
quency of the rt-waves oi the brain indicates sub- 
normal functioning of the nervous system. Sluggish 
tendon reflexes suggest defects in the neuromuscu- 
lar apparatus. 

Alterations in intermediate metabolism are not 
very conspicuous. However, the rate of absorption 
of fatty acids and glut ose from the alimentary tract 
is below normal. Blood cholesterol is high, and 
fasting nitrogen excretion diminishes as the BMR 
falls. 

Hyperthyroidism, Hyperthyroidism may result 
from toxic goiter or from excessive administration 
of the hormone. In general the effects are the re- 
verse of those listed above. The clinical manifesta- 
tions include nervousness or other psychic disturb- 
ances, increased sweating, mild to extreme loss of 
weight, inability to sleep normally, muscular weak- 
ness, varying degrees of diarrhea, tremor of the 
hands, high BMR, a rapid heart rate, and high ti- 
ters of protein-bound iodine in the plasma. Protru- 
sion of the eyeballs (exophthalmus) occurs in 
some hyperthyroid patients, but this defect is 
thought to be due to the thyrotrophic hormone of 
the pituitary gland rather than to a direct effect pf 
the thyroid hormones. Subtotal thyroidectomy, io- 
dine therapy, or treatment with antithyroid ^ugs 
all serve to relieve the hyperthyrotid state. 

CMtir. This is a visible enlargement of the thy- 
roid gland, and occurs frequently In nan and 
other vertebrates. Enlargemrait of the gland does 



not flyfieol tile amount of thyroid hormones being 
reteaeed; hormonal output may be subnormal, nor** 
mal, or above normal. Toxic goiters, whether dif- 
fuse (Graves* disease) or nodular (toxic ade- 
noma), liberate excessive hormones; nontoxic 
goiters secrete normal or subnormal amounts. 

Simple goiter is the most common type and is 
associated with a relative or absolute lack of iodine 
in the food or drinking water. It is known to have 
been endemic for centuries in certain areas (goiter 
belts) where the soil is deficient in iodine. The pro- 
phylactic use of iodine, together with improved 
transportation of foods, has greatly reduced the in- 
cidence of this disease. 

If the gland is not dangerously enlarged, and if 
the BMR is within normal limits, this type of goiter 
may not threaten an individual’s health. However, 
many clinicians feel that untreated simple goiters 
are likely to become overtly hypofunctional. Hypo- 
thyroid diseases (cretinism and myxedema) are 
known to be more frequent in the goiter belts than 
elsewhere. 

Since the functional state of the thyroid is con- 
ditioned by the thyrotrophic hormone, it is prob- 
able that some goiters result from pituitary defects 
rather than thyroid defects. 

Goitrogenic agents. Goitrogenic (antithyroid) 
agents interfere in some manner with the synthesis 
of thyroid secretions; the resulting hypothyroid 
state causes the release of excessive pituitary thy- 
rotropin which produces thyroid enlargement 
(goiter). The fact that goitrogens do not pioduce 
thyroid enlargement in hypophysectomized animals 
shows that the goiter is mediated by the pituitary. 
Certain plant foods, notably the cabbage and tur- 
nip families, brassica seeds, and soya beans con- 
tain goiter-producing substances. The sulfona- 
mides, substituted thioureas, thiouracil and its de- 
rivatives are important in both experimental work 
and in clinical medicine. Such substances have 
been employed with considerable success in the 
treatment of hyperthyroidism in human patients. 

IC.D.l.] 


BIOCHEMISTRY 

The size of the normal thyroid is subject to more 
variation than other organs in the body, fluctuating 
with age, reproductive state, diet, and external en- 
vironment. The average weight in the adult human 
subject is from 25 to 40 g. 

Iodine is an essential ingredient that must be 
present in the body for the manufacture of the thy- 
roid hormone. Although this element is present in 
all mammalian tissue, the thyroid has the greatest 
ability to trap iodine, binding one-third to one- 
quarter of the total amount of this element in the 
body. The gland takes up iodine and fixes it ex- 
tremely rapidly. As the first step in the synthesis of 
the thyroid hormone, iodine is extracted from the 
circulation, and in the gland it combines with the 
amino acid tyrosine. The colloid that fills the folli- 
cles of the gland is a protein globulin, known as 
thyroglobulin ; this is the storage form of the hor- 


mone. It cannot pass through the membrane of the 
cell into the circulation in this form, however, be- 
cause of the large size of the molecule, so the thy- 
roglobulin is broken down by an enzyme system 
into its constituents, one of which is thyroxin. 
Thyroxin is the form in which the hormotie enters 
the circulation. The thyroxin may be degraded or 
changed by the tissues to still another compound, 
L-triiodothyronine, which is biologically more ac- 
tive than thyroxin itself. 

By enzymic digestion of thyroglobulin. E. C. 
Kendall in 1914 isolated the active component, thy- 
roxin, in pure crystalline form. In 1926, C. R. Har- 
rington established by both degradation and syn- 
thesis the structural formula of thyroxin as 
3,5,3',5'-tetraiodo-L-thyronine: 



In 1951 1952, R. Pitt-Rivera, J. Roche and their ro- 
workers demonstrated the occurrence of anotbei 
iodine-containing compound in the thyroid extract, 
which they identified as 3.5,3'-triiodo-L-thyronine: 



The biological activity of i -triiodothyronine 
about three dimes that of i.-thyroxjn. 

The particular metabolic effect of the thyroid 
hormone is regulation of the rate of energy ex- 
change. The customary test for the functioning oi 
the thyroid is measurement of the basal metabolic 
rate; that is, the quantity of heat liberated by an 
organism at relative rest. There are manv corollary 
effects that follow from this primary metabolic 
func'tion of the thyroid. The metabolism of carbo- 
hydrates, proteins, and fat is influenced by the 
gland ; for example, too much thyroid in the circu- 
lation (hyperthyroidism) intensifies the symptoms 
of diabetes mellitus (see Insulin; Pancreas). 
The thyroid also exercises an effect on growth and 
sexual differentiation. In addition, the lowered or 
heightened metabolic rates affect in turn the func- 
tioning of the heart and the circulatory mechani.sm. 

The thyroid gland is under the regulation or su- 
pervision of the pituitary gland. Thyrotropin or 
thyroid-stimulating hormone from the anterior lobe 
of the pituitary stimulates the thyroid, which is its 
target organ, to manufacture and secrete its hor- 
mone. It is interesting that the injection of pitui- 
tary thyrotropin causes an immediately observable 
rise in the pulse rate, whereas when the thyroid 
hormone thyroxin is injected, about 6 hours elapse 



beiote any inftuence on tVie pulse is deleciaWe. lust 
as is the case with many of the endocrine glands 
that work in pairs, a balance in the functioning of 
the normal organism is maintained by the interac- 
tion between these two glands, the thyroid and the 
pituitary. One of the most common of the disor- 
ders of the thyroid, simple goiter, or enlarged thy- 
roid gland, is brought about by the working of this 
reciprocal mechanism. If there is In the system a 
deficiency of iodine with which to synthesize the 
thyroid hormone, often due to a deficiency of this 
element in the diet, the production of thyrotropin 
is increased, in turn intensifying the stimulation of 
the thyroid in order to compensate for the lack. 
Under this stimulation, the area of secretory sur- 
face of the thyroid gland enlarges, so that the 
gland can attempt to keep up with the demand for 
hormone. Often the output of hormone from the en- 
larged gland is normal, and if the temporary defi- 
ciency is corrected, the gland itself returns to 
normal size. If, despite the increased pituitary 
stimulation, the thyroid is unable to compensate 
satisfactorily, the gland, unable to stand the con- 
tinued physiologic strain, final! v becomes ex- 
hausted, and irreparable atrophy of its cells re- 
sults. Sec Atrophy. 

With exophthalmic goiter or (iraves* disease, 
there is not only extensive enlargement (hyper- 
trophy) of thyroid tissue with abnormal multipli- 
cation of the number of cells (Inperplasia I , but 
also excessive production of thvroid hormone. 
Sometimes masses of tumorous tissue are found em 
bedded in the gland. Set* Hyperplasia; Hyper- 
trophy. I C.H.L.l 

Bibliography: A. (rorhiiian. Some aspects of the 
comparative biochemistry of ic»dine utilization and 
the evolution of thyroidal function, Phv.siol. Revs,, 
.IStS.V) .S46, J. Roche and R. Michel, Nature 

and metabolism of thyroid hormones. Recent 
Progr. in Hormone Research ^ 12:1 26, 1956; C. D. 
Turner. General Endocrinology^ 2d ed., J955; R. L. 
Walterson. Endocrines in Development^ 1959. 

Thyroid gland disorders 

The most common thyroid disorders are neoplasias 
and those of dysfunction produced by inflammation 
or associated with tumors. 

Simple goiter is an enlargement of the gland 
from unknown causes and not from frank iodine 
deficiency. It is seen mo.sl often in adolescent fe- 
males, thereby suggesting a hormonal imbalance; 
in other cases diet or hereditary factors have been 
implicated. There is a gradual enlargement of the 
thyroid, usually without other symptoms. -The thy- 
roid may later decrease in size or change to a nodu- 
lar goiter in later life. There is no dysfunction of 
the gland in most cases. See Hormone; Thyroid 

GLAND. 

Endemic goiter is enlargement of the thyroid re- 
sulting from iodine deficiency of food and watar. 
It is found in more than 10% of a local population. 
In certain areas« some Alpine villages, for exam- 
ple, most of the population is affected. No glandu- 


lar dysfunction is iound unlefia seveTc deficitiicy is 
present. Such dysfunction is termed oretiiiisni, n 
form of hypothyroidism. Various forme of iodine, 
added to salt or candy, are used both as effective 
prevention and in mass treatment. 

Hyperthyroidism, or excess secretion of thyroid 
hormone, is also known as thyrotoxicosis. Graves* 
disease, toxic goiter, and exopthalmic goiter. Al- 
though the exact cause is unknown, the variably in- 
creased amounts of hormone produce a number of 
symptoms, some of which are quite characteristic. 
The mo.st common are fatigue, muscle weakness or 
tremor, rapidity or irregularity of the heartbeat, 
and heat intolerance. Despite an increase in appe- 
tite, there is usually a weight loss. In classical 
(rraves’ disease the eyes become prominent, bulge 
forward, and give a wide-eyed, staring appearance. 
Other sym|)toms and complications which may oc- 
cur form the basis for further classification of this 
disorder. The basal metabolic rate is almost always 
Hevated as is the absorption of radioactive iodine. 
These two diagnostic tests are used in conjunction 
nith the clinical history to estahli.sh the diagnosis. 

Inflammation of the thyroid, or thyroiditis, oc- 
curs in several forms, in most cases as an acute or 
chronic disease resulting from infection. Ilypo- 
throidi.sm or enlargement may follow, particularly 
if the disease hecornes chronic and excessive in- 
flammatory tissue is formed. 

Th>roid neoplasia includes benign nodules and 
carcinomas, as well as less common benign and 
malignant growths. By far the most frequently seen 
is nodular goiter, consisting of small masses of new 
glandular or supporting tissue. There are several 
histologic types of carcinoma of the thyroid, each 
with its own characteristics and prognosis. The var- 
iability of histologic pattern often complicates di- 
agnosis. See Oncology. 

Hypothyroidism includes any condition in which 
insuflicient thyroid hormone is produced or circu- 
lated. Cretinism results from inadequate iodine 
supply in fetal or infant life. -There is retardation 
of mental and skeletal development which, in some 
cases, may be partially alleviated by thyroid ther- 
apy. Other forms result from chronic inflammation, 
hereditary defect, or enzymatic and nutritional 
derangement. 

Myxedema, of either juvenile or adult type, may 
follow an inflammation, or other specific event, but 
often occurs without apparent cause. The patient 
has a dry. coarse, and roughened skin and a puffy, 
swollen face. The hair is also dry and coarse and 
the tongue may be characteristically enlarged and 
somewhat protruding. There is a tendency to- 
ward obesity. Constipation is frequently a major 
problem. The heart, blood pressure, and reflexes 
may be affected. There is no actual mental loss but 
sluggishness and apathy may be well marked. 

Other thyroid disorders include congenital de- 
fects and certain regressive changes like atrophy 
which may follow a decrease in pituitary stimula- 
tion or occur as a concomitant of advancing age. 

‘ [E.Q.ST.] 



iThteiiQnicr conriste of mostly Bmall, slender, cyliji- 
dried, terrestrial insects that range from 0.6 mm 
to 14 mm in length, commonly called thrips. They 
hive incomplete metamorphosis, although in a few 
apecies a complex type is approached. Thrips live 
on plants and rank high among the destructive 
pests of crops. The order contains upwards of 3400 
species and dates back to the Jurassic. 

Thrips are generally found upon all types of 
vegetation and are perhaps most abundant in flow- 
ers and on the leaves of host plants, although they 
feed on twigs and may seriously scar or deform 
fruit. They have a tendency to be gregarious and 
the effect of their feeding is the destruction of the 
plant epidermal cells, resulting in a silvering of the 
leaves, fruit, and stems. The attacked area is cov- 
ered with tiny spots of black excrement which give 
the injured surface a speckled appearance. Often 
the attacked parts become deformed and dry, and 
they may drop. The flower-feeding forms frequently 
destroy the buds and blossoms completely. Some 
deformation of fruiting bodies is caused by punc- 
tures made in developing fruits by the ovipositor 
of egg-laying females. Many species that normally 
feed on grasses and weeds in uncultivated areas mi- 
grate to cultivated fields and orchards when the na- 
tive vegetation begins to dry up. These individ- 
uals frequently do a great deal of damage, particu- 
larly to the developing fruit in orchards. Some spe- 
cies of thrips are important vectors of destructive 
virus diseases of cultivated crops. 


Economically Important thrips 


Gommoii namo 

Soientiflr name 

Plant host 

Bean thrips 

Hercolhripf /airiaf im 

Ix^gumes 

Greenhoiite 

(Peraande) 

HeltUhnpM haemor- 

Many plants 

thrips 

Citrus thnps 

rhoidalia (BoiichA) 
SeirMhnpa etin 

Fruit and foliage 

Wheat thnps 

(Moulton) 

Frankhnielta iriiui 

Crams and flowers 

Onion thnps 

(Flirh) 

Thript tahaei Lind 

Beans onion to- 

Pear thrips 

Tnentoihrip$ inmruKqwnt 

bacro cabbage 
and tomatoes 

Fruit and foliage 
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The mouthparts, which are situated far back on 
the underside of the head, are cone-shaped and 
modified for piercing, chafing, and sucking. The 
antennae are 6- to 9-segmented. Wings are rarely 
missing or abortive and usually there are two pairs, 
which are narrow, have few or no veins, and are 
fringed with many long or short hairs or bristles. 


At rest, the wings arc folded flat over the hack wifli 
the hairs or bristles lying against the w6ng mar- 
gins. The legs are short and terminate in 1- or 2. 
segmented tarsi, the latter being more common. 
Further, the tarsi have one or two clawa aipd end in 
an inflatable membranous bladder which is charac- 
teristic of the order. The color range is restricted 
to various shades of yellow, tan, orange, reddish 
brown, or wholly black, or to combinations of these. 
The wings may be the color of the body, paler and 
streaked, or mottled with other darker shades. The 
adults crawl or run with a slow even gait or run 
very rapidly and then leap to fly away with great 
agility. Some species, in crawling, curve the abdo- 
men upward, a pose assumed by the young as well 
as the adults. 

Parthenogenesis is common in the order, and in 
some species, notably the greenhouse thrips, JVe/io- 
thrips haemorrhoidalis (Bouche), and the pear 
thrips, Taeniothrips inconsequens (Uzel), males are 
either exceedingly rare unknown. Depending 
upon the species, there ma^ be 1-10 or more gen- 
erations each year. There are two suborders, the 
Terebrantia and the Tubulifera. Species belonging 
to the Terebrantia have the ovipositor modified into 
a sawlike organ for Inserting the tiny eggs into 
plant tissue, while the Tubulifera lack such an ovi- 
positor and lay their eggs on the surface. Members 
of the genera Actinothnps, Diceratothnps, Elaphra- 
thrips, and Zeuglothnps are viviparous, that is, give 
birth to living young. 

A few species are beneficial since they are pre- 
daceous and feed upon pest populations. The six- 
spotted thrips, Scolothrips sexmaculatus 4 Per 
gande), is a valuable and abundant species that 
preys on a number of species of spider mites The 
black hunter, Leptotkrips mail (Fitch), is another 



Poor thrlpf, Tawiofhrips mconfsqusns (Uzsl), life 
eyds. (From C. L Msfcoff and W. F. Fhnf, Dettructive 
and Uiofui Innadi. 3d ed., McQraw-HIth 1951) 



predaceooB tpeciM of consideiable iiap<«tatioe. 

Certain Australian species belonging to the gen 
era Kladothrips, Choleothrips, Haptothrips, and 
Eothnps are interesting in that they produce true 
galls or pseudogalls on the leaves of trees in which 
the young are reared. 

The family Thripidae is the largest, most impor- 
tent, and most injurious family of thrips. This fam- 
ily has about 33 genera with 200 species. They feed 
upon leaves, fruits, buds, and flowers and often 
cause serious crop losses. Some species have an ex- 
ceedingly wide host range and may feed and breed 
on more than 100 kinds of plants. See Insecta; 
Insecticide. [e.o.e.] 

Bibliography i J. R. Watson, Synopsis and cata- 
logue of the Thysanoptera of North America, Vniv. 
Florida Agr. Expt. Stas. Bull., 168, 1923. 

Thysanura 

An order of small, primitive, apterous insects, hav- 
ing flattened, naked, or scaly bodies, a soft integu- 
ment, and primitive metamorphosis. The mouth- 
parts are mandibulate. The maxillae are long, as 
are the many-segmented antennae. Compound eyes 
may be well developed, vestigial, or absent and 
ocelli may be present or absent. The coxae are 
small and the tarsi are two- or three-segmented, 
with two or three claws. Abdominal styliform ap- 
pendages are present. The cerci are long, many- 
segmented, and have a medial caudal filament. 

The members of this small order are among the 
most primitive of all insects. Their distribution is 



Exomples of Thysanora. (o) A4oc/i#7« marifima Leoeh 
(offer Lubbock) (b) Aerofolsa colhris Escherich (offer 
Esehorkh, from E. O. Euig, Coltego Entomology, Mac- 
milhn, 1942) 
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world-wide. They are white, gray* hrown, ot other* 
wise pigmented to harmoniae with their hMiediate 
eurroundings on the ground, among dry or wet 
leaves, rocks, and vegetation. They now number ap- 
proximately 3 subfamilies, 30 genera, and ISO ape* 
cies. They are most abundant in the Palearctic re> 
gions, where nearly half the known species have 
been collected. 

The most important species are well-known 
house dwellers, such as the silver fish moth, Lep- 
isma saccharina L., which is now almost cosmopoli- 
tan in distribution, being known in North America, 
Europe, China, Japan, and the Hawaiian Islands* 
Another species is the fire brat, Thermobia domes* 
tica (Packard), which now commonly occurs in 
the habitations of man throughout the world. They 
are also found in the nests of termites, especially 
in South America. See Apterycota; Insecta. 

i.E.O.E.] 

Tick 

Any member belonging to the suborder Ixodes, or- 
der Acarina, class Arachnida. phylum Arthropoda. 

Ticks are of considerable importance because 
they suck the blood of their hosts. When large num- 



The sheep tick, Melophagus ovtnus; length about H in. 
(From E L. Palmer, Field book of Natural History, 
McGraw-Htll, 1949) 

bers of ticks attack the same host they may cause 
serious weakening. They are also the voc'tors of a 
number of diseases of man and other mammals, the 
best known of which are Rocky Mountain spotted 
fever of man, Texas fever of cattle, and tularemia, 
which attacks a wide variety of animals including 
man. 

Structure. Although they are separated from the 
various suborders of mites on the basis of fine tech- 
nical differences, ticks are generally much larger 
than the mites, and possess a leathery skin, which 
IS lacking on the mites. There are two families of 
ticks, the Ixodidae, or hard ticks, and the Argas- 
idae, or soft ticks. The most obvious difference is 
the presence of a scutum, or dorsal shield, on the 
hard ticks, which is lacking in the other family. 

Rtproduclion. All ticks have a similar life his- 
tory, but with some variations in details, ^ere is 
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alwaytan egg; a six-legged larva, commonly called 
the seed tick; the nymph, or yearling tick, which 
is eight-legged; and the adult, which also has eight 
legs. Eggs are usually laid on the ground. The larva 
reaches its host in a variety of ways, but after 
feeding on the host for a time, it drops to the 
ground where it molts and becomes the nymph. 
The nymph finds a new host, feeds for a variable 
time, and drops to the ground again. The nymph 
molts into the adult, which can always be distin- 
guished by the genital pore, lacking on the nymph. 
The adult attaches to a third host on which the 
tick feeds until it attains sexual maturity and 
mates. After mating the female drops to the 
ground, deposits its eggs, and dies. See Arachnida ; 
Arthropod a; Mite; Parasitology. [j.d.b.1 

Tick bite fever, South African 

An infectious tick-borne disease of man which is 
similar to fievre boutonneuse but has some bi(»logi- 
cal and ecological differences. A similar, or the 
same, disease occurs in East Africa where it is 
known as Kenya tick typhus. These have been con- 
sidered to be variants of fievre boutonneuse with 
different epidemiology, but laboratory studies raise 
suspicion that the agents are at least a different sub- 
species or even a separate species. If the agent is a 
separate species, then the name, Rickettsia pi j pen 
do Amaral and Monteiro, would apply to it. 

The chief vector in Kenya is the dog tick. Haem- 
aphysalis leachi, and in South Africa, this vector 
plus Rhipicephalus evertsL In both areas, the dis- 
ease may be acquired in domiciliary premises or 
from rural and bushveld sources. .Sec Rk kett- 
siALES; Rickettsiosks. [ < .B.p. I 

Tick fever, Colorado 

A mild, febrile viral disease transmitted by wood 
ticks. The virus is antigenically distinct from other 
arthropod-borne viruses. It is pathogenic for ham- 
sters and mice, and multiplies in chick einbrvos. 
.See ClILTllRL, EMBRYONA'I LU EGG. 

After days’ incubation, sudden onset comes 
with chills, fever, severe aches, sometimes nausea; 
symptoms and fever are often diphasic. Occasional 
cases are reported with more severe symptoms in- 
volving the central nervous system. See Central 
NLRVOUS SYSTEM. 

Diagnosis is made by complement-fixing or neu- 
tralizing antibody rises in serum. Immunity is life- 
long. Ticks are a true reservoir, because the virus 
is transmitted to offspring transovarially. See Com- 
plement-fixation test; Neutralizing antibody. 

Control is by avoidance of, or protection against, 
lick bites. See Animal virus; Tick. 

Tick paralysis 

A loss of muscle function or sensation in man or 
certain animals following the prolonged feeding of 
female ticks (see Ixodides). Paralysis, of Lan- 
dry’s type, usually begins in the legs and spreads 
upwards to involve the arms and other parts of the 
body. Evidence suggests that paralysis is due to a 


neurotoxin formed by the feeding ticks rather than 
the result of infection with microorganisms. See 
Toxin, bacterial. 

Present information indicates that (1) in en- 
demic areas, resistance to tick paralysis is found 
in older animals as well as certain animal species, 
(2) some animals which have recovered are not im- 
mune, (3) only occasional female, but not male, 
ticks may induce the disease under favorable host 
or environmental conditions, the specific require- 
ments being as yet unknown, (4) paralysis of adult 
persons and domestic animals as large as a 1000- 
Ib bull has resulted from only one partially en- 
gerged tick, usually but not necessarily attached 
about the head or upper spine, (5) death may en- 
sue if lespiratory renters are reached by the as- 
rending paralysis before the offending tick com- 
pletes feeding or is removed, and (6) in most 
areas, recovery is prompt, a matter of hours, 
when the ticks are removed. It is highly important, 
therefore, that the diseat^e be properly and 
promptly diagnosed and seal'rh for the tick be in- 
stituted immediately. 

The disease has been reported in North Amer- 
ica, Australia, South Africa, and occasionally in 



Fig. 1 . Tick paralysis in western Montana puppy 
caused by Dermacentor andersoni female tick, partially 
engorged near shoulders. (Rocky Mounfom Laboratory) 



Fig. 2. Experimental tick paralysis in puppy due to 
two portlally, and one nearly fully, engorged female 
ticks in copiule bandage on belly. (Rocky Mountain 
Laboratory) 




iMi# W 


gome European countries and is caused by appro- 
priate species of indigenous ticks. In Australia 
Ixodes holocyclus causes frequent cases in dogs, 
and occasionally in man, and paralysis has been 
known to progress even after removal of ticks; 
serum from recovered dogs has been shown to have 
some curative properties and was at one time pro- 
duced for treatment. Ixodes pilosus is associated 
with the disease in South Africa. 

Since 1903, over a hundred human cases and 
many outbreaks in cattle, sheep, and even domesti- 
cated bison, have been recorded in the northwest- 
ern states and southern British Columbia, due to 
attacks by Dermacentor andersoni. Several human 
fatalities, the latest in Idaho in June, 1958, and 
some losses of stock have occurred \vhen deticking 
was delayed. April to June are the months of most 
prevalence. Incidence is highest in children from 
1-5 years of age, with more than twice as man> 
girls affected as boys, presumably because their 
longer hair conceals feeding ticks However, the 
sex ratio is reversed among the fewer cases in 
adults due to difference in exposure. Young to 
yearling stock are most ])rone to the disease in 
sporadic years lor leasons still unknown 

The related American dog lick, I) vanabilis^ has 
paralyzed persons and dogs in the southeastern 
United States, and a few cases have been associated 
with the lone siai lick, Amhlyomma amrrn anum 
The female tick requires 4-5 da\s of feeding be- 
fore initial symptoms appear and the disease iiro- 
gresses rapidly in the next 2 4 days Experimental, 
fatal paralysis has recently been produced by I) 
andersoni females on woodchucks, ground sqiin 
rels, wood rats, hamsters, guinea pigs, dog-, and 
lambs Signs of the disease occur within a few 
hours of transfer of partially fed females but not 
males, to fresh animals The toxic principle has so 
far not been isolated [ ^ -b f ] 

Bibliography: K. H Abbot, Tick paralysis: a re- 
view. Pror Staff Meetings Mayo Clinic, 18-39-45, 
Feb 10, 1942, 18:59-64, Feb. 24. 1942, L. E 
Hughes and C B Philip. Experimental tic k paral- 
ysis in laboratory animals and nathe Montana ro 
dents, /Vnr Sor ExptI Bwl A/ed., 99(2) :316- 319. 
1958. 

Tick typhus, North Queensland 

A benign infectious disease found in rural north- 
eastern Australia, caused by bacterialike microor- 
ganisms, Rickettsia australis, and presumed to be 
carried by the tick, Ixodes holocyclus. The symp- 
tomatology, including eschar, is similar to rickett- 
sialpox, but differentiation is based chiefly on epi- 
demiologic, serologic, apd (in laboratory animals) 
immunologic grounds. The Weil-Felix OXip is posi- 
tive. See Rickeftsioses; Serology. [c.b.p.] 

Tick typhus, Siberian 

A relatively benign, rash- and eschar-producing, 
spotted feverlike disease in northern Asia, caused^ 
by bacterialike microorganisms, Rickettsia sibe- 
rica. The disease is transmitted by four species of 



Rickettsia sibenca, causotlve agent of Siberian tick ty- 
phus from scrotal sac of infected guinea pig. (Photo* 
micrograph by P F. Zdrodovskiy) 


Dermac entor and two of Haemaphysalis See 
Acarina 

Clinically, Sibeiian tick typhus resembles most 
tloselv fievre boutonneuse, including low mortality, 
but epidemiologicallv, it is like American spotted 
fever, with the primary natural cycle between 
ground squirrels and other small rodents, and their 
immature tic k parasites (see Spotted !• ever. Rocky 
Moitntain), Cioss-protection tests with experimen- 
tal va( f ines also suggest a ( loser relatiohship to 
R. rirkettsii than to R conorii. Weil-Felix OXim 
and complement-fixation tests are diagnostic. The 
bulk of (Uses occur in Mav and June. Foci of in- 
fection are in grassy meadowiands and steppes, or 
brushy hillsides See FifVKf boutonneuse; Rick- 

TirsiATI-S; RicKI- ITSIOSFS [c.B.p.l 

Tickle 

A lively fiattern of < utaneoiis sensation involving 
rapid moinent-to-momcnt intensitive variations of 
a light-toiK h or < ontact quality The reflex arousal 
of withdrawal responses adds a kinesthetic compo- 
nent to the total feeling pattern (se^ Kinfsthehc 
sfnsation). 

On puiely observational grounds, tickle seems 
to be most closely allied to pressure sensitivity. 
The most commonly observed circumstance for its 
evocation is multiple stimulation with the lightest 
contactors (a wisp of cotton or a feather tip), in 
a region rich in touch receptors, such as the lips 
(5ee Touch). The current conception of tickle, 
therefore, is that it is a complex spatiotemporal 
pressure pattern, resembling somewhat vibration (a 
more regular but less lively whirring) and formi- 
cation (so named because it recalls the crawling 
of ants over the skin) . 

There is an appreciable body of evidence, both 
experimental and clinical, that also links tickle 
with pain (see Pain, cutaneous). If one induces 
pressure anesthesia of the hand by prolonged ap- 
plication to the upper arm of a blood pressure 
cuff, pain sensitivity still being retained^ it is pos- 
sible to evoke tickle by stroking the forefinger with 
a stiff nylon thread. This feeling readily passes 
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ovto into itdbinf* Hckle and itch seem also to dis- 
aippear tngci&er in the zone of abnonnal aenattiv- 
ky (eacoiidlary hyperalgesia) created as an after- 
math el rubbing, pinching, or otherwise overstimu- 
lating the cutaneous nerve endings. [ f.a.c.] 

TMalbore 

A part of a tidal rise in a river which is so rapid 
that water advances as a wall often several feet 
high. The phenomenon is favored by a substantial 
tidal range and a channel which shoals and narrows 
rapidly upstream, but the conditions are so critical 
that it is not common. A shoaling channel steepens 
the tidal curve. If the curve becomes vertical or 
nearly so, a bore results (Fig. 1). A narrowing 
channel increases the tidal range. See River tides. 
Since the tidal range is greatest at springs, some 
rivers exhibit bores only at springs {see Tide). 
While the bore is a very striking feature, Fig. 1 
shows that the tide continues to rise after the pas- 
sage of the bore and that this subsequent rise may 
be the greater. Bores may be eliminated by chang- 
ing channel depth or shape. 

In North America three bores have been ob- 
served: at the head of the Bay of Fiindy (Fig. 2), 
at the head of the Gulf of California, and at the 
head of Cook Inlet, Alaska. The largest known bore 
occurs in the Tsientang Kiang. China. At springs 



Fig. 1. Tide curve (schematic) of a river with a tidal 
bore. 



Fig. 2. Tidal bore of the Petitcodiac River, Bay of 
Fundy, New Brunswick, Conodo. Rise of woter Is about 
4 ft. (New Brunswick Trovel Bureou) 


it is a wall of water 15 ft high moving upstR^eam at 
25 ft/sec. See Channel, open. [b.kl] 

Tide 

The term tide refers to stresses exerted in a body 
by the gravitational action of another, and to re- 
lated phenomena resulting from these stresses. 
Every body in the universe raises tides, to some ex- 
tent, on every other. This article deals only with 
tides on the earth, since these are fundamentally 
the same as tides on all bodies. Sometimes varia- 
tions of sea level, whatever their origin, are re- 
ferred to as tides. See Sea level fluctuations. 

Introduction. The tide-generating forces arise 
from the gravitational action of sun and moon, the 
effect of the moon being about twice as effective 
as that of the «^un in producing tides. The tidal ef- 
fects of all other bodies on the earth are negligible. 
The tidal forces act to generate stresses in all parts 
of the earth and give rise to relative movements of 
the matter of the solid earth) ocean, and atmos- 
phere. The earth’s rotation ^ves these movements 
an altei Rating character having principal periodic- 
ities of 12.42 and 12.00 hours, corresponding to half 
the mean lunar and solar day, respectively. 

In the ocean the tidal forces act to generate al- 
ternating tidal currents and displacements of the 
sea surface. These phenomena are important to 
shipping and have been studied extensively. The 
main object of tidal studies has been to predict the 
tidal elevation or current at a given seaport or 
other place in the ocean at any given time 

The prediction problem may be attacked in two 
wavs. Since the relative motions of earth, moon, 
and sun are known precisely, it is possible to spec- 
ify the tidal forces over the earth at anv past or fu- 
ture time with great precision. It should be possi- 
ble to relate tiflal elevations and currents at any 
point in the oceans to these forces, making use of 
c lassical mechanics and hydrodynamics. Such a 
theoretic'dl approach to tidal prediction has not yet 
Yielded any great success, owing in great part to 
the complicated shape of the ocean basins. 

The other approach, which consists of making 
use of past observations of the tide at a certain 
place to predict the tide for the same place, has 
yielded practical lesults. The method cannot be 
used for a location where there have been no previ- 
ous observations. Only the frequencies of the many 
tidal harmonic constituents are derived from 
knowledge of the movements of earth, moon, and 
sun. The amplitude and epoch of each constituent 
are determined from the tidal observations. The 
actual tide can then be synthesized by summing up 
an adequate number of harmonic constituents. The 
method might loosely be thought of as extrapola- 
tion. 

In the following discussion only the lunar effect 
is considered, and it is understood that analogous 
statements apply to the solar effect. 

Tht tide-generating force. If the moon attracted 
every point within the earth with equal force, there 
would be no tide. It is the small difference in di- 



Fig. 1. Schemotic diagram of the lunar gravitational 
force on different points in the earth. 


rection and magnitude of the lunar attractive force, 
from one point of the earth's mass to another, 
which gives rise to the tidal stresses. 

According to Newton’s laws, the moon attracts 
every particle of the earth with a force directed to- 
ward the center of the moon, with magnitude pro- 
portional to the inverse square of the distance be- 
tween the moon’s center and the particle. At point 
A (see Fig. 1) the moon is in the zenith and at 
point B the moon is at nadir. It is evident that the 
upward force of the moon’s attraction at A is 
greater than the downward force at B because of 
its closer proximity to the moon. Such differential 
forces are responsible for stresses in all parts of 
the earth. The moon’s gravitational pull on the 
earth can be expressed as the vector sum of a con- 
stant force, equal to the moon’s attraction on the 
earth’s center, and a small deviation which varies 
from point to point in the earth (Fig 2). This 
small deviation is referred to as the tide-generating 
force. The larger constant force is balanced com- 
pletely by acceleration (centrifugal force) of the 
earth in its orbital motion around the center of 
mass of the earth-moon system, and plays no part 
in tidal phenomena. See GnAvnArioN. 

The tide-generating force is proportional to the 
mass of the disturbing body (moon) and to the in- 
verse cube of its distance. This inverse cube law 
accounts for the fact that the moon is 2.17 times as 
important, insofar as tides are concerned, as the 
sun, although the latter’s direct gravitatior*! pull 
on the earth, which is governed by an inverse- 
square law, is about 180 times the moon’s pull. 

The tide-generating force, as illustrated in 
Fig. 2, can be expressed as the gradient of the tide- 
generating potential, which has the form 

(1) 

where X is the zenith distance of the moon and r is 
distance from the earth’s center, r is distance be- 
tween the centers of earth and moon, y is the gravi- 
tational constant and M is the mass of the moon. 
In this expression, terms containing higher powers 
of the small number r/c have been neglected. As ^ 
depends only on the space variables r and A, it is 
symmetrical about the earth-moon axis. 

It helps one visualize the form of the tide-gener- 
ating potential to consider how a hypothetical **in- 
ertialess*’ ocean covering the whole earth would 
respond to the tidal forces. In order to be in equi- 
librium with the tidal forces, the surface must as- 
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same the diape of an equipotential surface Hs Ath 
termined by both the earth’s own gravity attd the 
ti^e-generating force. The elevation of the svirface 
is given approximately by 

^ dr 

f - - “ + const (2) 

g 

where ^ is evaluated at the earth’s surface and g is 
the acceleration of the earth’s gravity. The eleva- 
tion C of this hypothetical ocean is known as the 
equilibrium tide. Knowledge of the equilibrium 
tide over the entire earth determines completely 
the tide-generating potential (and hence the tidal 
forces) at all points within the earth as well as on 
its surface. Therefore, when the equilibrium tide is 
mentioned, it shall be understood that reference to 
the tide-generating force is also being made. 
Harmonic development of the tide. The equilib- 
rium tide as determined from relations (1) and 
(2) has the form of a prolate spheroid (football- 
shaped) whose major axis coincides with the earth- 
moon axis. The earth rotates relative to this equi- 
librium tidal foirn so that the nature of the 
(equilibrium) tidal variation with time at a partic- 
ular point on the earth’s surface is not immediately 
obvious. To analyze the character of this variation, 
it is convenient to express the zenith angle of the 
moon in terms of the geographical coordinates 
0 of a point on the earth’s surface ($ is eolatitude, 
(fi is east longitude) and the declination D and west 
hour angle reckoned from Greenwich a of the 
moon. When this is done, the equilibrium tide can 
be expressed as the sum of three terms: 

f - I “^^8 sin* D - l)(co8* - H) 

4 g 

+ bin 2D sin 26 cos (a + 0) 

co«* D bin* 0 cos 2{a -t- 0)) (3) 

where a is the earth’s radius. 

The first term represents a partial tide which is 
symmetrical about the earth’s axis, as it is inde- 
pendent of longitude. The only time vatialion re- 
o^ults from the slowly varying lunar declination and 
distance from earth. This tide is called the long- 
period tide. Its actual geographical shape is that of 



Fig. 2. Schamotfc diagram of the tido-gonorating 
force on different points in the earth. The vector turn 
of this tide-generating force and the constant force F 
(which does not vory from point to point) givos the 
force field indicoted in Fig. 1. The force F Is compen- 
sated by the centrifugal force of the earth in Its prhttai 
motion. 
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a iq>h^iBr0id whose axis coincides with the earth's 
axis and whose oblateness slowly but continuously 
vwtm: 

The second term of (3) represents a partial tide 
havingi at any instant, maximum elevations at 4S°N 
and 45®S on opposite sides of the earth, and two 
minimum elevations lying at similar, alternate posi- 
tions on the same great circle passing through the 
poles. Because of the factor cos (a + ^) the tide 
rotates in a westerly direction relative to the earth, 
and any geographical position experiences a com- 
plete oscillation in a lunar day, the time taken for 
a to increase by the amount 27r. Consequently, this 
partial tide is called the diurnal tide. Because of 
the factor sin 2D, the diurnal equilibrium tide is 
zero at the instant the moon crosses the Equator; 
because of the factor sin 2fl, there is no diurnal 
equilibrium tidal fluctuation at the equator nor at 
the poles. 

The third term of (3) is a partial tide having, at 
any instant, two maximum elevations on the Equa- 
tor at opposite ends of the earth, separated alter- 
nately by two minima also on the Equator. This 
whole form also rotates westward relatively to the 
earth, making a complete revolution in a lunar day. 
But any geographic position on the earth will ex- 
perience two cycles during this time because of the 
factor cos2(a + <j^). Consequently, this tide is 
called the semidiurnal tide. Because of the factor 
sin^ 0, there is no semidiurnal equilibrium tidal 
fluctuation at the poles, while the fluctuation is 
strongest at the Equator. 

It has been found very convenient to consider the 
equilibrium tide as the sum of a number of terms, 
called constituents, which have a simple geographi- 
cal shape and vary harmonically in time. This is 
the basis of the harmonic development of the tide. 
A great number of tidal phenomena can be ade- 
quately described by a linear law ; that is, the effect 
of eich harmonic constituent can be superimposed 
on the effects of the others. Herein is the great 
advantage of the harmonic method in dealing with 
tidal problems. The three terms of (3) do not vary 
with time in a purely harmonic manner. The pa- 
rameters c and D themselves vary, and the rapidly 
increasing a does not do so at a constant rate owing 
to elliplicity and other irregularities of the moon’s 
orbit. Actually, each of the three partial tides can 
be separated into an entire species of harmonic con- 
stituents. The constituents of any one of the three 
species have the same geographical shape, but dif- 
ferent periods, amplitudes, and epochs. 

The solar tide is developed in the same way. As 
before, the three species of constituents arise: 
long-period, diurnal and semidiurnal. The equilib- 
rium tide at any place is the sum of both the lunar 
and solar tides. When the sun and moon are nearly 
in the same apparent position in the sky (new 
moon) or are nearly at opposite positions (full 
moon), the lunar and solar effects reinforce each 
other. This condition is called the spring tide. Dur- 
ing the spring tide the principal lunar and solar 
constituents are in phase. At quadrature the solar 


effect cancels to some extent the lunar eO^t, the 
principal lunar and solar constituents being out of 
phase. This condition is known as the neap tide. 

The entire equilibrium tide can now be ex- 
pressed in the following way: 

f - - 3 cos* 0) ^ /,C cos Ax 

L 

+ sin 26 2 ftCi cos (At + 4) 

+ sin* 6 ftCx cos (At + 24)] (4) 
8 

where H * SyMfl^/gc’ » 54 cm, and 1/c repre- 
sents the mean (in time) value of 1/c. Each term 
in the above series represents a constituent. Terms 
of higher powers of the moon’s parallax (a/c) are 
not included in (4) because of their different lati- 
tude dependence, but they are of relatively small 
importance. The subscripts L, D and 5 indicate 
summation over the long-period, diurnal, and semi- 
diurnal constituents, respectively. The Cs are the 
constituent coefficients and Are constant for each 
constituent. They account for the relative strength 
of all lunar and solar constituents. In a purely har- 
monic development, such as carried out by A. T 
Doodson in 1921, the A parts of the arguments in- 
crease linearly with time, and the node factors / 
are all unity. In George Darwin’s “almost har- 
monic” development of 1882, the constituents un- 
dergo a slow change in amplitude and epoch with 
the 19-year nodal cycle of the moon. The node fac 
tors / take this slow variation into account. The As 
increase almost linearly with time Tables in 11. S 
Coast and Geodetic Survey Spec. Publ. 98 ena|)le 
one to compute the phase of the argument of anv 
of Darwin’s constituents at any time, and values of 
the node factors for each year are given. 

In spite of tj^ many advantages of the purely 
harmonic development, Darwin’s method is still 
used by most agencies engaged in tidal work. In 
Darwin’s classification, each constituent is repre 
sented by a symbol with a numerical subscript, 0, 
1, or 2, which designates whether the constituent is 
long-period, diurnal, or semidiurnal. Some of the 
most important of Darwin’s constituents are listed 
in the table. 

The periods of all the semidiurnal constituents 
are grouped about 12 hours, and the diurnal peri- 
ods about 24 hours. This results from the fact that 
the earth rotates much faster than the revolution 
of the moon about the earth or of the earth about 
the sun. The principal lunar semidiurnal constit- 
uent M'* beats against the others giving rise to a 
modulated semidiurnal wave form whose amplitude 
varies with the moon’s phase (the spring-neap ef- 
fect), distance, and so on. Similarly, the amplitude 
of the modulated diurnal wave varies with the vary- 
ing lunar declination, solar declination, and lunar 
phase. For example, the spring tide at full moon or 
new moon is manifested by constituents Mz nnd 
Sz being in phase, thus reinforcing each other. Dur- 
ing the neap tide when the moon is at quadrature, 
the constituents Mz and Sz are out of phase, and 



Tabi« of Dorwtai’s eonstltuoiili 


Constituent 

Speed, 

deg/hour 

Coefficient 

Long-period 

M/, lunar fortnightly 

1.098 

.157 

iSra, solar semiannual 

0 082 

073 

Diurnal 

Ku lunisolar 

1S.041 

.sso 

Oi, larger lunar 

13 943 

377 

Pi, larger solar 

14.959 

.176 

Semidiurnal 

M 2 , principal lunar 

28.984 

.908 

Sa, principal solar 

30.000 

.423 

Ns, larger lunar elliptic 

28.440 

176 

lunisolar 

30 082 

.115 


tend to cancel each other. The other variations in 
the intensity of the tide are similarly reflected in 
the ‘^beating*’ of other groups of constituents. 

Tides in the ocean. The tide in the ocean deviates 
markedly from the equilibrium tide, ivhich is not 
surprising if one recalls that the equilibrium tide 
is based on neglect of the inertial forces. These 
forces are appreciable unless the periods of all free 
oscillations in the ocean are small compared to 
those of the tidal forces. Actually, there are free 
oscillations in the ocean (ordinary gravity seiches) 
having periods of the order of a large fraction of a 
day. and there mav be others (planetary modes) 
having periods of the order of several days. For 
the long- period constituents the ol)served tide 
should behave like the equilibrium tide, but this is 
difficult to show because of their small amplitude 
in the presence of relatively large meteorological 
effects. 

At most places in the ocean and along the coasts, 
sea level rises and falls in a regular manner. The 
highest level usually occurs twice in any lunar day, 
the times bearing a constant relationship with the 
moon’s meridional passage. The time between the 
moon's meridional passage and the next hig*^ tide 
is called the lunitidal interval. The difference in 
level between successive high and low tides» called 
the range of the tide, is generally greatest near the 
time of full or new moon, and smallest near the 
times of quadrature. This results from the spring- 
neap variation in the equilibrium tide. The range 
of the tide usually exhibits a secondary variation, 
being greater near the time of perigee (when the 
moon is closest to the earth) and smaller at apogee 
(when the moon is farthest away). 

The above situation is observed at places where 
the tide is predominantly semidiurnal. At mgny 
other places, it is observed that one of the' two 
maxima in any lunar day is higher than the other. 
This effect is known as the diurnal inequality and 
represents the presence of an appreciable diurnal 
variation. At these places, the tide is said to be of 
the “mixed” type. At a few places, the ditirnal tide 
actually prednminates, there generally being only 
one high and low tide during the lunar day. 

Both observation and theory indicate that the 
ocean tide can generally be considered linear. As a 
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result of this fact, the effect in the ocean of each 
constituent of series (4) can be considered Jby iu 
seK. Each equilibrium constituent causes a reac- 
tion in the ocean. The tide in the ocean is the sum 
total of all the reactions of the individual constitu- 
ents. Furthermore, each constituent of the ocean 
tide is harmonic (sinusoidal) in time. If the ampli- 
tude of an equilibrium constituent varies with the 
nodal cycle of the moon, the amplitude of the oce- 
anic constituent varies proportionately. 

As a consequence of the above, the tidal eleva- 
tion in the ocean can be expressed as 

f-.S/^cos(.fi-C^) (5) 

where A, (0,0) is called the amplitude and 
Ci(0.0) the Greenwich epoch of each constitu- 
ent. The summation in (.5) extends over all con- 
stituents of all species. The /s and the have the 
same meaning as in expression (4) (or the equilib- 
rium tide and are determined from astronomic 
data. 

To specify completely the tidal elevation over 
the entire surface of the ocean for all time, one 
would need ocean-wide charts of A (0,0), called 
curange charts, and of G(0,0), called cotidal 
charts, for each important constituent. Construc- 
tion of these charts would solve the ultimate prob- 
lem in tidal prediction. Many attempts have been 
made to construct cotidal ('harts, the most notable 
those of W. Whewell, 1833; R. A. Harris, 1904; 
R. Sterneck, 1920; and G. Dietrich, 1944. These at- 
tempts have been based on a little theory and far 
too few oLbervatioiis. 

Figures 3 and 4 show Dietrich’s cotidal chart for 
M 2 > Each curve passes through points having high 
water at the same time, time being indicated as 
phase of the M 2 equilibrium argument. A charac- 
teristic feature of cotidal charts is the occurrence 
of points through whidi all cotidal curves pass. 
These are called “amphidromic points.” Here the 
amplitude of the constituent under consideration 
must he zero. The existence of such amphidromic 
points has been borne out by theoretical studies of 
tides in ocean basins of simple geometric shape. 
The mechanism which gives rise to amphidromic 
points is intimately related to the rotation of the 
earth and the Coriolis force. 

The amplitude of a constituent, A (0,0), is gen- 
erally high in some large regions of the oceans and 
low in others, but in addition there are small-scale 
ertatic variations, at least along the coastline. Per- 
haps this is partly an illusion caused by the place- 
ment of some tide gages near the open coast and 
the placement of others up rivers and estuaries. It 
is well known that the phase and amplitude of the 
tide change rapidly as the tidal wave progresses up* 
a river. See River tides. 

The range of the ocean tide varies between wide 
limits. The highest range is encountered in the Bay 

* of Fundy, where values exceeding SO ft. have been 

* observed. In some places in the Mediterranean, 

South Pacific, and Arctic, the tidal range never ex- 
ceeds 2 ft. ^ 




(a) W 60® 30® 0® 30® E (b) E 30® 60® 90® 120® 150® E 

Fig. 3. Cotidal chart tor A/ 2 > (a) Atlantic Ocean. Veroffenil, Inst, Meeresk,, n.s. A, Geograph. -naturw. 

(b) Indian Ocean. (According to G. Dietrich, from Reihe, no. 41, 1944) 


The tide may be considerably different in small 
adjacent seas than in the nearby ocean, and here 
resonance phenomena frequently occur. The peri- 
ods of free oscillation of a body of water are de- 
termined by their boundary and depth configura- 
tion (see Skichk). If one of these free periods is 
near that of a targe tidal constituent, the latter 
may be amplified considerably in the small sea. 
The large tidal range in the Bay of Fiindv is an ex- 
ample of this effect. Here the resonance period is 
nearly 12 hours, and it is the semidiurnal con- 
stituent.M that are large. The diurnal constituents 
are not extremely greater in the Bay of Fiindv than 
in the nearby ocean. 

In lakes and other completely enclo.sed bodies of 
water the periods of free oscillation are usually 
much .smaller than those of the tidal constituents. 
Therefore the tide in these places obeys the princi- 
ples of statics. Since there i.s no tidal variation in 
the total volume of water in lakes the mean surface 
elevation does not change with the tide. The sur- 
face slope is determined by the slope of the equi- 
librium tide, and the related changes in elevation 
are usually very small, of the order of a fraction of 
a millimeter for small lakes. 

TMsI CUffontSa The south and east components 
of the tidal current can be developed in the same 
way as the tidal elevation since they also depend 
linearly on the tidal forces. Consequently, the same 
analysis and prediction methods can be used. Ex- 
pressions similar to (5) represent the current com- 
ponents, each constituent having its own amplitude 


and phase at each geographic point. It should be 
emphasized that the current speed or diiection can- 
not be developed in this way since these are not 
linearly related to the tidal forces. 

Only in special cases are the two tidal current 
components ex^tly in or out of phase, and so the 
tidal current in the ocean is generally rotatory. A 
drogue or other floating object describes a tra- 
jectory similar in form to a Lissajous figure. In a 
narrow channel only the component along its axis 
is of interest. Where shipping is important through 
such a channel or port entrance, current predic- 
tions, as well as tidal height predictions, are 
sometimes prepared. 

Owing to the rotation of the earth, there is a 
gyroscopic, or Coriolis, force acting perpendicu- 
larly to the motion of any water particle in motion. 
In the Northern Hemisphere this force is to the 
right of the current vector. The horizontal, or trac- 
tive, component of the tidal force generally rotates 
in the clockwise sense in the Northern Hemisphere. 
As a result of both these influences the tidal cur- 
rents in the open ocean generally rotate in the 
clockwise sense in the Northern Hemisphere, and 
in the counterclockwise sense in the Southern Hem- 
isphere. There are exceptions, however, and the 
complete dynamics should be taken into account. 
See Coriolis acceleration and force. 

The variation of the tidal current with depth is 
not well known. It is generally agreed that the cur- 
rent would be constant from top to bottom were it 
not for stratification of the water and bottom fric- 







tion. Tlie variation of velocity with depth due to 
the stratification of the water is associated with 
internal wave motion. Serial observaUons made 
from anchored or drifting ships have Jiw^lA< >e d 
prominent tidal periodicities in the vertical ther- 
mal structure of the water. See Wave (internal). 

Dynamics of the ocean tide. The theoretical 
methods for studying Udal dynamics in the oceans 
were put forth by Laplace in the eighteenth cen- 
tury. The following assumptions are introduced: 
(1) the water is homogeneous, (2) vertical dis- 
placements and velocities of the water particles 
are small in comparison to the horizontal displace- 
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ments and velocities: (3) the water pcesaire at 
any point in the water is given adequseiy % the 
hydrostatic law; that is, is equal to tlto head w wa- 
ter above the given point; (4) all dissipative loteea 
are neglected; (5) the ocean basins are asanm e d 
rigid (as if thm were no bodily tide), and 
gravitational potential of the tidally displaced 
masses is neglected ; and (6) the tidal elevation is 
small compared to the water depth. 

H assumptions (1) and (3) are valid, it can 
readily be shown that the tidal currents are uni- 
form with depth. This is a conclusion which is not 
in complete harmony with observations, and diere 



Fig 4. Poeific Ocean cotidal chart for (Accord- 
ing to G. DiOtTKh, from Vordffsnrf. fnit. Moorork., n-t 
A, (fsogroph -notorw. Roiho, no 41, 1944) 



Wm Wttva modes thus left out of Laplace's 

t^HBory^ Nevertheless the main features of the tide 
are prebably contained in the equations. 

The water motion in the oceans is, in theory, de- 
termined by knowledge of the shape of the ocean 
basins and the tide*generating force (or equilib- 
rium tide) at every point in the oceans for all time. 
The theory makes use of two relations: (1) the 
equation of continuity, which states that the rate 
of change of water mass in any vertical column in 
the ocean is equal to the rate at which water is 
flowing into the column; and (2) the equations of 
motion, which state that the total acceleration of a 
water “particle” (relative to an inertial system, 
thus taking into account the rotation of the eaith) 
is equal to the total force per unit mass acting on 
that particle. Under the above assumptions, the 
equation of continuity takes the form 

S ■ - dr» [le w ^ m ] («) 

where is the water depth. The equations of 

motion in the southward and eastward directions, 
respectively, are given by 

dv d 

+ 2(i>u cos 0 =• - - csr 0 r , (f - 0 (7) 

Of a (f<p 

where <•> designates the angular rate of rotation of 
the earth, u and v the south and east components 
on the tidal current. \ll other quantities are as pie- 
viously defined. 

It is probable that exact mathematical solutions 
to the above equations, taking even approximately 
into account the complicated shape of the ocean 
basins, will never be obtained. However, the equa- 
tions have certain features which serve to give us 
some insight into the nature of ocean tides. For in- 
stance it is evident that if manv equilibrium tides 
are acting simultaneously on the ocean, then the 
ocean tide will be the sum of the individual reac- 
tions. This linearity results directly from above as- 
sumption (6). In certain shallow regions of the 
ocean the tides are noticealiK distorted, as would 
be expected if assumption (6) were violated. This 
distortion is usually considered as lesulting from 
the presence of so-called shallow-water constitu- 
ents having frequencies equal to harmonics and to 
beat frequencies of the equilibrium constituents. 
These must be considered, at some places, or there 
will be large discrepancies between prediction and 
observation (see River tides). Certain mathemati- 
cal solutions to equations (6) and (7) have been 
obtained for hypothetical ocean basins of simple 
geometric shape. Laplace solved them for an ocean 
of constant depth covering the entire earth. Several 
solutions have been obtained for an ocean of con- 
stant depth bounded by two meridians. The result 
of one of the solutions obtained by J. Proudman 
and A. Doodson is shown in Fig. 5, which repre- 
sents a cotidal chart of the K 2 tide in an ocean of 



Fig 5. Cotidal chart for K 2 in a hypothetical ocean 
of constant depth bounded by meridians 70^ opart. 
(According to J. Proudman and A. T. Doodson, from 
A. T Doodson and H. D. Warburg, Admiralty Manual 
of Tides, London, 1941) 

depth 14,S20 ft bounded bv meridians 70® apart 
The K 2 tide was cab ulated because of mathemati- 
cal simplificatioilis, but the M 2 tide should be quite 
similar. Comparison of Fig. S with the Atlantic 
Ocean in Fig. 3 discloses no striking similarities 
except for the general occurrence of umphidromir 
s\ stems. 

The bodily tide. The solid part of the earth suf- 
fers periodic deformation re.siilting from the tide- 
generating forces jiitt as the oceans do. .See Earth 
TIDES. 

The gravest known modes of free oscillation of 
the solid earth have periods of the order of an 
hour, much shorter than those of the principal tidal 
constituents. Therefore, the principles of statics 
can be used to describe the bodily tide, in contrast 
with tides in the oceans and atmosphere, where the 
inertial effect is important. 

Associated with the bodily tide are periodic 
changes in gravity, manifesting themselves as 
( 1) a variation of the vertical, or plumb line, with 
respect to any solid structure imbedded in the 
earth's crust; and (2) a variation in the magnitude 
of the acceleration of gravity at any point. These 
effects arise from the gravitational attraction of the 
tidally displaced matter of the earth (solid, ocean, 
and atmosphere) as well as directly from the tide- 
generating forces. The magnitude of the former 
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MmOS^nt tMM. Since air, as other matter \% 
subject to gravitational inftuence, there arc tides in 
the atmosphere possessing many features of simi- 
larity with those in the ocean. One of the charac- 
teristics of these tides is a small oscillatory varia- 
tion in the atmospheric pressure at any place. This 
fluctuation of pressure, as in the case of the ocean 
tide, may be considered as the sum of the usual 
tidal constituents, and standard tidal analysis and 
prediction methods may be used. The principal 
lunar semidiurnal constituent M 2 of the pressure 
variation has been determined for a number of 
places, and found to have an amplitude of the 
order of 0.03 millibars. The dvnamioal theory of 
these tides has been the subject of considerable 
study. The equations which have been considered 
have the same general form as those for ocean 
tides. The S 2 constituent shows a much larger oscil- 
lation with an amplitude of the order of 1 millibar, 
but here diurnal heating dominates the gravita- 
tional effects. If diurnal heating were the whole 
story one would expect an even larger effect, and 
the fact that So is larger is attributed to an atmos 
pheric resonance near 12 hours. 

Tidal analysis and prediction. The distribution 
in space and time of the tidal forces within the 
earth is precisely known from astronomic data. The 
effects of these forces on the oceans cannot, by 
present methods, be des< ribed in detail i>n a world- 
wide basis because of the difficult nature of the 
dynamical relationships and the complicated shape 
of the ocean basins. Practical prediction methods 
make use of past observations at the place under 


consideration. 

The procedure is the same for prediction of any 
tidal variable —such as the atmospheric pressuie, 
component di'^plac cments of the solid earth, (oin- 
ponents of the tidal current, and so on— which 
depends linearly on the tidal forces The frequen- 
cies, or periods, of the tidal constituents s « de- 
termined by the astronomic data, and the harmonic 
constants (amplitudes and epochs) are obtained 
from the observations. Eq (S) then represents the 
tide at all past and future times for the place under 
consideration, where the values of h are the ampli- 
tudes of whatever tidal variable is being predicted. 
In this discussion the sea-level elevation will be 
used as an example, since it is the variable for 
which predictions are most commonly made. 

Tidal analysis consists of determining the har- 
monic constants from a record of sea level at a 
given place. The procedure is basically the s^me 
for each constituent, but is most easily desefibed 
for the series of constit4ients, Si, S 2 , Si, ... , 
whose periods are submultiples of 24 hours. Sup- 
pose that the tidal elevation at 1:00 a.m. is aver- 
aged for all the days of the tide record, and simi- 
larly for 2:00 a.m., 3:00 a.m., and for each hour of 
the day. The 24 values thus obtained represent the 
average diurnal variation during the entire record. 
Any constituent whose period is not a submultiple 
of 24 hours will contribute very little to the average 


ol aW the 1:00 values asnee its pViaae wVUl be 
dinerent from one day to the next, and its average 
value at 1:00 a.m. will be very close to lero lor a 
long record. The same is true for each hour of the 
day, and so its average diurnal variation is amalL 
The longer the record the freer will be the average 
diurnal oscillation from the effects of the other 
constituents. The diurnal oscillation is then ana- 
lyzed by the well-known methods of harmonic anal- 
ysis to determine the amplitudes and phases of all 
the harmonics of the 24-hour oscillation. See 

FoimifcR SERIES AND INTEGRALS. 

The same procedure is used for each other con- 
<itituent; that is, the tide record is divided into con- 
wutive constituent days, each equal to the period 
(or double the period in the case of the semidiurnal 
constituents) of the constituent. If the tide record 
is tabulated each solar hour, there is a slight com- 
plication due to the fact that the constituent hours 
do not coincide with the solar hours. This difficulty 
is overcome by substituting the tabulated value 
nearest the required time and later compensating 
the consistent error introduced by an augmenting 
factor. 

Sine e the record length is always finite, the har- 
monic constants of a constituent determined bv this 
method are somewhat contaminated by the effects 
of other constituents. A first-ordei correction of 
these effects ran be made by an elimination proce- 
dure. In general it is more efficient to take the rec- 
ord length equal to the synodic (beat) period of 
two or more of the t’l'incipal constituents. Of 
course, the longer the record the better. Standard 
analyses consist i»f 29 days, 58 days, 369 days, 
and so on. 

It is not practical to determine the harmonic 
constants of the lesser constituents in this way if 
errors or uncertainties of the data are of the same 
order of magnitude as their amplitudes. If tidal os- 
cillations in the oceans were far from resonance 
then we should expect the amplitude of each con- 
stituent to be approximately proportional to its 
theoretical coefficient, and the local epochs all to 
lie near the same value. In other words, for the 
->emidiurnal constituent X, we should expect that 


mX) H(M2) 

C{X) " CAM 2 ) 


G{X) - G{M2) 


(8) 


Here X is referred to Af 2 for the leason that the 
latter is one of the principal constituents, whose 
harmonic constants can be determined with best 
accuracy. Any other important constituent could 
be used. Inferring the harmonic constants of the 
lesser constituents by means of Eq. (8) is some- 
times preferable to direct means. It should be 
borne in mind that a constituent of one species can- - 
not be inferred from one of another species be- 
cause their equilibrium counterparts have different 
geographic shapes and no general relationship 
* such as (8) exists. 

Once the harmonic constants are determined the 
tide is synthesised according to Eq. f5) uaoatty 
with the help of a ^special '^tide-predicting ma: 
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«Ay mmna of compilation could 
WaseA, tlauaHy only die times and he^hu of 
•Ml lorn water are published in the predictions. 

TIMMclloii. The dissipation of energy by the 
tidn is important in the study of planet motion be- 
cause it is a mechanism whereby angular momen- 
tum can be transferred from one type of motion to 
another. An appreciable amount of tidal dissipa- 
tion takes place in the ocean, and possibly also in 
the solid earth. In 1952 Sir Harold JeflFreys esti- 
mated that about half the tidal energy present in 
the ocean at any time is dissipated each day. A 
large part of this dissipation takes place bv friction 
of tidal currents along the bottom of shallow seas 
and shelves and along the coasts. The rate of dissi- 
pation is so large that there should be a noticeable 
effect on the tide in the oceans. 

If the planet’s speed of rotation is greater than 
its satellite’s speed of revolution about it, as is the 
case in the earth-moon system, then tidal dissipa- 
tion always tends to decelerate the planet’s rota- 
tion, with the satellite’s speed of revolution chang- 
ing to conserve angular momentum of the entire 
system. The moon’s attraction on the irregularly 
shaped tidal bulge on the earth exerts on it a de- 
celerating torque. Thus tidal friction tends to in- 
crease the length of day, to increase the distance 
between earth and moon, and to increase the lunar 
month, but these increases are infinitesimal. The 
day may have lengthened by 1 second during the 
last 120,000 years because of tidal friction and 
other factors. [c-w.c.] 

Bibliography: A. Defant, Ebb and Flow: The 
Tides of Earthy Air^ and Water ^ 1958; H. Jef- 
freys, The Earthy 1952; H. Lamb, Hydrodynamics^ 
6th ed., 1945; H. A. Marmer, The Tide, 1926; 
P. Schureman, A Manual of Harmonic Analysis 
and Prediction of Tides, U.S. Coast and Geodetic 
Survey, Spec. Publ. 98, 1941. 

Tie rod 

A tie rod or tie bar, usually circular in cross sec- 
tion, is used in structural parts of machines to 
tie together or brace connected members, or in mov- 
ing parts of machines or mechanisms it may con- 
nect arms or parts to transmit motion. In the first 
use the rod ends are usually a threaded fastening, 
while in the latter they are usually forged into an 
eve for a pin connection. 

In steering systems of automotive vehicles, the 
rod connects the arms of steering knuckles of each 
wheel. The connection between the rod and arms is 
a ball and socket joint. 

In pressure piping, large forces are produced 
between connected parts. The pipes or parts are 
constrained by tie rods that may be rectangular in 
cro 98 section, with pinned ends. [p.h.b.] 

Tiger 

A large carnivore, Felis tigris, of the family Fe- 
lidae, occurring from Siberia southward through 
India, the Malay Peninsula, Java, and Sumatra. 
The Siberian tiger is the largest, attaining a length 



Bengal tiger, Felis figris; length 6^ ft. (From P. Martin 
Duncan, ed., Casselts Natural History, Cassell) 


of 13 ft and weighing as much as 650 lb. The 
Bengal tiger is smaller and more brilliantly col- 
ored. 

In parts of India, tigers take many human lives 
each year and destroy thousands of domestic ani- 
mals. Not all tigers kill humans. Some individuals, 
notably old females, may turn killer as a result of 
hunger when they are too old to catch more elusive 
animals. The brilliant striping of the tiger is effec- 
tive concealment in the animal’s home environment. 
See Carnivora. f j d.b. | 

Tile 

A glazed or unglazed ceramic building unit of 
thin cross section, used for surface treatment of 
roofs, walls, an<^ floors. By extension, the term is 
now applied to other units of similar shape and use 
but of different materials, such as asphalt, cork, 
linoleum, vinyl and vinyl asbestos, and porcelain 
enamel. Clay cast in the form of hollow blocks and 
either unglazed or glazed is called structural clay 
tile. Made into pipe, unglazed clay tile is called 
drain tile. See Clavi products, archih-ctijral. 

Glazed roofing tiles of varying colors and shapes 
are now limited in use in the Occident mainlv to 
churches, other public buildings, and the homes of 
the wealthy. Wall tiles (fired with a vitreous 
glaze), used since early Egyptian days as an orna- 
mental and durable wall surfacing, are now most 
commonly used in bathrooms and kitchens, and 
also, mainly in nonresidential buildings, for fire- 
proof and easily cleaned corridor walls and build- 
ing exteriors. Modern floor tiles are of two types, 

(1) ceramic mosaic, quarry, paver, or slab (inte- 
grally colored and glazed or unglazed), and 

(2) crystalline (colored on the surface only). They 

are used for bathroom floors and swimming pools, 
in the subtropics as a substitute for wood floors, 
and very recently as art mosaic for richly designed 
walls, indoors or out. Drain tiles today are made of 
concrete as well as of clay. [g.co.1 


rill 

The iinsUraUaiMl portioii of glacial drift. The un- 
sorted materials of the till are deposited by the ad- 
vEiictii|( iC6t or ftfl A rosult of melting or ovAporA* 
tion of the ice during the WAning stAge of gUciA- 
tion. The term boulder cley refers lo a common 
vAriety of till contAining embedded perticles reng- 
ing in size from fine greins to boulders. 

The texture of till is chArActerized by extreme 
vAriAtion in grAin size. The mAtrtx consists of the 
finer clAstic mAteriAls, clsy, silt, and sand. Ran- 
domly embedded in this are larger fragments in- 
cluding boulders of many cubic yards in volume. 
The coarser fragments, cobbles and boulders, 
commonly display faceting and striatinns caused 
by abrasion during transport by the ice. Careful 
study may reveal a preferred orientation of the 
larger fragments. This is usually the only indica- 
tion of stratification. Lenses of stratified sand, 
gravel, or silt which occur locally within the till 
represent the local action of melt water. 



Exposure of glacial till at the Black Rocks near Llan- 
dudno, Wales. Heterogeneous debris, ranging in size 
from large boulders to fine powder, displays re assort- 
ment or stratification. (Phofograph by K. F. Mather) 

Till consists of physically broken and disinte- 
grated, but essentially undecomposed, rock and 
mineral fragments. Commonly all types of rocks 
are represented, but igneous and metamorphic ones 
predominate. These materials, under favorable cli- 
matic conditions, are readily converted into excel- 
lent soils. See Glaciated tlrrane. [c.j.r.] 

Tillodontia 

These extinct quadrupedal land mammorls are 
known from lower Tertiary deposits in the North- 
ern Hemisphere. They progressively developed en- 
larged, rootless, second incisors that are remark- 
ably rodentlike. Their cheek teeth are bliint-cusped 
with basically three principal cusps in uppers and 
five in lowers. The principal cusp on the inside of* 
the upper teeth and the cusps on the outside of the# 
lower teeth lend lo form as curved columnar struc- 
tures, giving the unworn tillodont tooth a unique 



Eocene tillodont, Trogosus, (After C. L. Gazin, 1953) 

appearance as compared to other mammals. Tillo- 
dont feet have five clawed toes. 

Esthonyx^ a small form with rooted incisors of 
the late Paleocene and early Eocene of North 
America and Europe, is apparently ancestral to the 
large Trogoius and Tillodon of the middle Eocene 
of North America. Adapidium of the middle or late 
Eocene of China is of uncertain subordinal allinity. 

C. L. Gazin, the principal recent worker on the 
group, con(*ludcs that tillodonts may have had a 
nearly common origin with the order Pantodonta in 
a Paleocene arctocyonid creodont stock but does 
not rule out the possibility that they might have 
stemmed from the Insertivora. See Carnivora fos- 
sils; Insectivoka fossils; Paniodonta. [d,e.s.] 

Time 

The dimension of the physical universe which, at 
a given place, orders the sequence of events; also, 
a designated instant in this sequence, as the time 
of day, technically known as an epoch. 

Measurement. Time measurement consists in 
counting the repetitions of any recurring phenome- 
non, and if the interval between successiye recur- 
rences is sensible, in subdividing it. The phenome- 
non most used has been the rotation of Earth, 
where the counting is by days. Days are measured 
by observing the meiidian passages of stars, and 
are subdivided with the aid of precision clocks. The 
day is. however, subject to variations in duration; 
consequently, when the utmost precision is re- 
quired, years are measured and subdivided in pref- 
erence to days (see Day) . 

A determination of time is synonymous with the 
establishment of an epoch; it consists in ascertain- 
ing the clock correction, which is the correction 
that should be applied to the reading of a clock 
(positive if the clock is slow) at a specified epoch. 
A time interval may be measured in two ways: as 
the duration between two known epochs, or simply 
by counting from an arbitrary starting pointy as 
is done with a stop watch. 

Time units are the intervals betweeSn successive 
recurrences of phenomena, as the period of rota- 
tion of Earth, also arbitrary multiples and subd^i- 
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•fanto of jtbw intervals, such as the hour, being 
one ^enty-iourtb of a day, and the minute, being 
Qiie^aixtieih of an hour. See Month ; Second 
(time omit) ; Year. 

Him Imms. Several phenomena are used as the 
time base to be divided into hours. For astronomi- 
cal purposes, sidereal time ii* used; for terrestrial 
purposes, solar time is used. 

Sidereal time. The hour angle of the vernal equi- 
nox is the measure of sidereal time. It is reckoned 
from 0 to 24 hr, which are subdivided into 60 side- 
real min and the minutes into 60 sidereal sec. 

Sidereal clocks are used for convenienc'e in most 
astronomical observatories, because a star, or other 
object outside the solar system, comes to the same 
place in the sky each night at virtually the same 
sidereal time. 

Solar time. The hour angle of the Sun is the ap- 
parent solar time. The only true indicator of appar- 
ent solar time is k sundial. 

Mean solar time has been devised to eliminate 
the irregularities in apparent solar time that arise 
from the obliquity of the ecliptic and the varying 
speed of Earth in its orbit around the Sun. It is the 
hour angle of a fictitious mean Sun, an imagined 
point moving uniformly along the celestial equa- 
tor at the same rate as the average rate of the ac- 
tual Sun along the ecliptic. In practice, if is inter- 
vals of sidereal time that are directly observed, and 
afterward converted into intervals of mean solar 
time by division by 1.00273790926, 

Because sidereal and solar time are both defined 
as hour angles, at any instant, they vary from place 
to place on Earth. When the mean Sun is on the 
meridian of Greenwich, the mean solar time is 12 


noon at Greenwich. At that instant of absolute time, 
the mean solar time for all places west of Green- 
wich is earlier than noon and for all places east of 
Greenwich later than noon, the progression being 
at the rate of 1 hr for each 15*^ of longitude, or 
12 hr for a semicircumference. Thus, at the same 
instant, at a short distance east of the 180th merid- 
ian, the mean solar time is 12:01 a.m., and at a 
short distance west of the 180th meridian it is 
11:S9 iMvr. of the same day. Thus, persons going 
westward around the earth must advance their time 
one day, and those going eastward must retard 
their time one day, in order to be in agreement 
with their neighbors when they return home. The 
International Date Line is the name given to a line 
following approximately the 180th meridian, but 
avoiding inhabited islands, where the change of 
date is made. Mean solar time at (Treenwich is 
called Greenwich mean time. 

Zone and standard times. To avoid the inconven- 
ience of the continuous change ^ 9 ! mean solar time 
with longitude,, zone time or civil time is the time 
generally used. Earth is divided into 24 time zones, 
each approximately 15° wide and centered on 
standard longitudes 0°, 15°, 30°, and so on as il- 
lustrated. Within each of these zones, the time 
kept is the mean solar time of the standard merid- 
ian. Most civilized nations use zone time. 

Zone time is reckoned from 0 to 24 hr for most 
official purposes, the time in hours and minutes 
being expressed by a four-figure group followed by 
the zone designation, as 1009 zone plus 5, referring 
to the zone 75° west of Greenwich. The various 
zones are sometimes designated bv letters, espe» 
cially the Greenwich zone, which is Z, 1509 Z mean- 



World ii dividad into 24 standard time zones, each 
differing from Greenwich Civil Time on additional 
hour. Some countries use holf-hour intervals or froc- 


tional hours, Venezuela being 4H hours slow ond India 




ing 1509 Greonwich mean time. The zone centered 
on the 180th meridian ig divided into two parts, 
the one east of the date line being designated plus 
12 and the other minus 12. The time July 2, 2400 
is identical with July 3, 0000. 

In civil life, the designations a.m. and p.m. are 
often used, usually with punctuation between hours 
and minutes; thus 1009 may be written as 10:09 
A.M. and 1509 as 3:09 p.m. In this system, noon 
is correctly designated as 12:00 m. Sometimes, 
July 2, 2400 is called July 2, 12:00 p.m. The desig- 
nation July 3, 12:00 a.m. is not used, although it 
is logically the same as July 2, 12:00 p.m. The des 
ignations for noon and midnight are. however, of- 
ten confused, and it is better to write 12:00 noon 
and July 2-3. 12:00 midnight in order to avoid am- 
biguity. In some occupations where time is of spe- 
cial importance, there is a rule against using 12:00 
at all, 11:.59 or 12:01 being substituted. The time 
1 min after midnight is 12:01 a.m. and 1 min after 
noon is 12:01 p.m. 

The figure shows the designations of the various 
time zones, the longitudes of the standard merid- 
ians, the letter designations, and the times in the 
various zones when it is noon at (Greenwich. 

In the United States, the boundaries of the lime 
zones are fixed by the Interstate Commerce Com- 
mission, and here as elsewhere, the actual bound- 
aries depart considerably from the meridians ex- 
actly midway between the standard meridians. 

Ships at sea and Iransoceanic planes use Oeen- 
wich mean time for navigation and communica- 
tions. but for regulating daily activities <m hoard, 
they use any convenient approximation to zone 
time, avoiding frecfuent changes during dayiight 
hours. [g.m.c. 1 

Daylight saving time. Large sections of the 
United States and many European countries set 
their time one hour ahead during summer months, 
into daylight saving time, or summer time. Thus 
6 A.M. standard lime becomes 7 a.m. dayligh: sa\' 
ing lime. Such a practice effectively transfers an 
hour of little u.sed early morning light to the eve- 
ning. It is particularly advantageous in urban areas 
where manufacturers and other industries can save 
on electric power and the residents can benefit 
from the daylight hour in the evening. This prac- 
tice is of little value in areas far north, with nat- 
urally long days and short nights, or in the tropi- 
cal areas where days and nights are more nearly 
equal. 

The United States has used daylight saving lime, 
country wide, in both world wars, and in the hast 
war it held through summer and winter from Feb- 
ruary, 1942, to October, 1^45. England moved her 
clocks 2 hr ahead of Greenwich civil time during 
the last war. [v.h.e.] 

Ephemeris time. The orbital motions of the moon 
and planets are used for ephemeris time. It i.s free 
from the irregularities in mean solar time caused 
by variations in the rate of rotation of the earth, 
and is determined in practice as a correction to 
Greenwich mean time, which will bring observa- 
tjons of the right ascension ancl declination of the 
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moon into agreement with the theovetkially Mlha- 
lated values. Clocks are not actually regttldM to 
ephemeris time; it is sufficient to keep a reedid of 
the corrections necessary. 

Time signals are pips emitted by radio stations 
in most civilized countries, enabling the listener to 
ascertain the zone time accurate to a small frac- 
tion of a second. In the United States time signals 
consist of coded seconds pulses emitted at fre- 
quent intervals by naval radio stations and by sta- 
tion WWV of the National Bureau of Standards, 
the precision being controlled by the IJ.S. Naval 
Observatory. See Calendar. |c.m.c1 

Time constant 

The time required for a physical quantity to change 
its initial (zero-time) magnitude by the factor 
(1 — l/c) when the physical quantity is varying 
as a function of time, /(f), according to the de- 
creasing exponential function (Fig. 1) 

fit) (1) 

or the increasing exponential function (Fig. 2) 

/(/) = ( 2 ) 

The numeric c has the value 2.71828. Therefore, 
the change in magnitude of (1 — l/i) has the 
frartiunal value 0.6.32121. Thus, after a time^lap.se 
(it one time constant, starting at zero time, the 
magnitude of the physical quantity will have 
changed 63.2%. 
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Fig. 1. Universal time-constant curve for decreasing 
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Fig. 2. Unlversol fime-constont curve for inctredsing 
function. 



l&iie I is kero, Eq4 (1) has the magnitude 
eMj>M4 kdieii time t is 1/ft, the magnitude is e'^ 
er l/iSi The corresponding change in magnitude is 
The specific time required to accom- 
idish lbs change is 


t ^ 1/ft » T 

T is called the time constant and is usually ex- 
pressed in seconds. The same results are obtained 
forEq. (2). 

The initial rate of change of both the increasing 
and decreasing functions is equal to the maximum 
amplitude of the function divided by the time 
constant. Figures 1 and 2 are universal in that the 
plotted function is of unit height and the time 
scale is given in terms of time constants. To use 
these curves for a specific problem, the values in 
the ordinate axis are multiplied by the maximum 
amplitude of the quantity occurring in the problem, 
and the values in the abscissa axis are multiplied 
by the numerical value of the corresponding time 
constant. 

The concept of time constant is useful when 
evaluating the presence of transient phenomena. 
The relative amplitude of a transient after a lapsed 
time of a certain number of time constants is 
readily computed. 


Lapsed time, 
time constants 
1 
2 

3 

4 

5 
10 


Transient 
completed, % 

63.2 
86.5 
95.0 

98.2 

99.3 
99.996 


Usually a transient can be considered as over after 
a period of 4-5 time constants. 

For electric circuits, the coefficient h and thus 
the time constant T is determined from the param- 
eters of the circuit. For a circuit containing re- 
sistance R and capacitance C the time constant T 
is the product RC. When the circuit consists of 
inductance L and resistance R the time constant is 
L/R. See Transient, electru . 

The concept of time constant can be applied to 
the transient envelope of an ac signal ; however it is 
more common to describe the change in amplitude 
in terms of the logarithmic decrement. For further 
discussion of this term, see Damping. [r.l.r.] 

Time-delay circuits 

Electronic circuits producing an output signal de- 
layed in time by a prescribed and controllable 
amount in relation to an input or controlling sig- 
nal, One form of delay circuit that will reproduce 
the input waveform is the transmission line or its 
lumped circuit approximation (see Delay line). 
More common forms of delay circuit are initiated 
by a controlling signal and produce an output, not 
necessarily related to the input in size or shape, at 
a later time. Usually the input pulses are recurrent 
at a specific rate, and therefore the time-displaced 


output signals are recurrent at the same rate. Such 
delay circuits are usually designed as Bnear delay 
circuits in the sense that a linear variation of some 
controlling element produces a delay that is a 
linear variation in time delay. 

Multivibrator delay circuit The cathodo*coupled 
or emitter-coupled monostable multivibrator shown 
in Fig. 1 may be used as an approximately linear 
delay circuit (see Multivibrator). For a fixed 
value of RC product, the duration T of the output 
waveform at each plate is proportional to the value 
of R, which can be calibrated in terms of a desired 
scale factor. The basis for such control is the fact 
that the magnitude of current in the plate circuit 
of VT-1 when it is conducting is proportional to 
its grid voltage. In turn, the voltage drop at the 
time the input trigger is applied is proportional to 
this current, and the time required for the multi- 
vibrator to recover to its initial state is propor- 
tional to this drop. The combination of variables 
involved leads to a pulse width T that is propor- 
tional to the input dc voltag^ level V. Thus a pulse 



Fig. 1. Monostable multivibrator as time-delay circuit. 


front is generated at the output at a delay time T, 
with respect to the input pulse. For sharp delayed 
trigger pulses, this output could be used to trigger 
a circuit, such as a backing oscillator. ^SVe Block- 
ing oscillator; Trigger circuit. 

Although design considerations are somewhat 
different, two transistors in the common-emitter 
configuration may be used as a monostable multi- 
vibrator delay circuit in a manner similar to that 
employing vacuum tubes. 

Linear sweep delay circuit. One of the most 
widely used forms of linear time-delay circuit 
makes use of a linear saw-tooth generator, such as 
the bootstrap or Miller integrator, whose output is 
then compared with a calibrated dc reference volt- 
age level (see Coincidence amplifier; Compara- 
tor; Saw-tooth wave). If the saw-tooth voltage, 
which reaches a voltage equal to the desired refer- 
ence voltage Fjt in a time T, is applied to a com- 
parator into which Fa is also an input, an output 
pulse will be obtained at a time T following the 
pulse that initiated the saw-tooth waveform. 




Fig. 2. Elements of linear sweep time-delay circuit. 

In home instances it is desirable that the entire 
circuit return to its initial state as soon as the de- 
layed pulse is generated. This can be accomplished 
by using a bistable multivibrator as a gate wave- 
form generator and using the output pulse from 
the comparator to reset it to its initial state. Ele- 
ments of the time-delay circuit based on the use of 
the linear voltage sweep generator are shown in 
Fig. 2. 

Sanatron delay circuit. The basic sanatron delay 
circuit, of which there are a number of variations, 
combines in two pentode tubes the function of a 
gate waveform generator, clamp and linear saw- 
tooth generator as shown in Fig. 3. The basic saw- 
tooth generator is the single-tube Miller integrator, 
VT-2. Initially, its control grid is held at zero by 
grid-current limiting. No plate current flows, be- 
cause the suppressor is held negative by the volt- 
age-divider network from the plate of VT-1, which 
is heavily conducting. The plate voltage is held at a 
definite starting level by the diode D-J. When a 
negative trigger pulse is applied to the suppressor 
grid of VT-1, its plate voltage rises, which in turn 
allows the suppressor grid of VT-2 to rise to a 
value, limited by the diode D-1, sufficient to allow 
plate current to flow in VT-2. This initial plate cur- 
rent drops the plate potential from the value set by 



1>‘2, and causes a like dmp at die grid. Tllis drep 
at the grid, which is also connected to Ijkt grid cn 
VT-1, maintains VT-1 noncondut^g^ thereby hold* 
3 ing VT-2 in conduction. After the initial drop the 
tube VT-2 operates as a Miller integrator saw- 
tooth generator until some limit, dependent upon 
the operating levels of the tube, is reached. The 
saw-tooth output is then applied to a voltage com- 
parator. 

Phantastrofl. The phantastron combines the Mil- 
ler integrator saw-tooth generator with the gating 
function. The output is applied to a comparator in 
a complete linear time-delay circuit as shown in 
Fig. 4. Before the trigger is applied, the divider 
consisting of Ru R 2 . and R^ holds the suppressor 
negative, which prevents plate current from flow- 
ing. All the space current, corresponding to zero 
grid voltage, goes to the screen. If a positive trig- 
ger pulse is applied to the suppressor, plate cur- 
rent flows, and the plate voltage and grid voltage 
drop abruptly. This drop causes the screen current 
to decrease, which in turn maintains the suppressor 
voltage sufficiently high to maintain plate-current 



Fig. 4. Screen-coupled phantastron deloy circuit. 


flow. The tube then functions as a normal Miller 
integrator. The voltage level V from which the 
plate starts is determined by the divider to which 
diode D-2 is connected. This in turn determines the 
time required for the negative-going saw tooth to 
reach a given level. When the plate voltage reaches 
saturation level, the grid voltage rises, and the cir- 
cuit returns to its initial state. 

A slightly different version of the phantastron is 
the cathode-coupled form, in which a cathode re- 
sistance provides the common coupling betweeg the 
plate and screen circuits to allow switching to take 
place. See Wave-shaping circuits. [c.mx.] 

Bibliography \ B. Chance, et aL (eds.), Elec- 
tronic Time Measurements, 1949; B- Ohanee, et aL 
(eds.), Waveforms, 1949; J. MiUmau a^ TauK 
Pulse and Digital Circuits, 1956, 
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Th6 mainiiMmiit of elapsed periods of time. 
*Ilis^e ai^ tifo classes of timers, one measuring the 
time of diay, examples of which are clocks and 
waidtes (see Time), and the other measuring time 
intervals, of which the stopwatch is an example. 

A large number of devices and methods are avail- 
able for measuring time intervals, both short and 
long* These devices are based on the following prin- 
ciples: 

1. Timers controlled by the acceleration of grav- 
ity include pendulum and water clocks and the an- 
cient hour-^ass. In addition to their use in clocks, 
pendulums have been used to time events in labora- 
tories. 5ee Clock. 

2. Mechanical vibrations depending upon the 
constancy of the elastic properties of materials in- 
clude vibrating reeds, tuning forks, quartz crystals, 
and the balance wheel-escapement units used in or- 
dinary watches, clocks and stopwatches. Electric 
circuits are required to obtain time measurements 
with tuning forks and quartz crystals. Clocks based 
on quartz crystals are called crystal clocks. 

3. Electrical oscillations depending upon the con- 
stancy of the circuit elements include the rate of 
discharge of a capacitance and the resonant oscil- 
lations in resistance-capacitance and inductance- 
capacitance circuits. These are used in laboiatories 
to measure short time intervals. 

4. The vibration of atoms as applied in the 
atomic clock measures time of day precisely. See 
Atomic clock; Maslr. 

5. The rotations of the members of the solar sys- 
tem about their axes and about the sun are used 
in measuring longer periods. The rotation of the 
earth about its axis defines the length of the day; 
its rotation about the sun defines the year. Instru- 
ments for direct measurement include transit tele- 
scopes and sundials. 

6. The velocity of light or of other electromag- 
netic radiation is used in time-interval measure- 
ment. Radio waves, which have the same velocity as 
light, may traverse cavity resonators, that is a fixed 
distance, and if the traverse i« repetitive, result in 
an electrical output of a definite frequency, which 
can be used to measure small time intervals. The 
difference in the velocity of light and of electricity 
flowing In wires, utilizing the Kerr cell as a valve, 
is used for measuring very small time intervals. The 
difference in time for an electric current to flow in 
two wires of different lengths can also be used. 

7. Radioactive decay can be used to measure both 
long and short intervals of geological time. When 
the process which maintains the equilibrium of ra- 
dioactive carbon (carbon- 14) in a material such as 
bones or trees with carbon- 12 in the atmosphere is 
interrupted, the radioactive carbon gradually trans- 
fonns at a known rate to a nonradioactive form. 
Measurement of the residual radioactive carbon is 
a measure of the time interval since equilibrium, 
now measurable to nearly 70,000 years. For esti- 
mating much longer geological time intervals, other 


methods involving radioactivity are applied; lot ex- 
ample, it is possible to measure the amount of he- 
lium trapped in rocks containing known amounts of 
radioactive materials which produce the helium. 
Computation of the decay can be converted to a 
time interval. See Geochronometry. 

8. The measurable rate of mechanical rotation of 
a body is used to measure time intervals. The ro- 
tating body can be made to give a periodic signal 
by a rotating mirror, for example; the reflection of 
light focused upon the mirror at one point of its 
rotation will give this signal. See Chronograph; 
Chronometer ; Chronoscope. L w.c.b. ] 

Timothy 

A plant, Phleum pratense, of the order Craminales, 
long the premier hay grass for the cooler temperate 
humid regions. It is easily established and man- 
aged, produces seed abundantly, and grows well in 
mixtures with alfalfa and clover {see Alfalfa; 
Clover). It is a short-lived perennial, makes a 
loose sod, has moderately lei|^fy stems 2-3 ft tall 



Timothy, Phleum pratense. 


and a dense cylindrical inflorescence (see Inj lores- 
cence; Perennial plants). Timothy responds to 
fertile soils in yield and nutritive content. Cutting 
proinptly after heading improves timothy’s feed 
quality. Timothy-legume mixtures arc the standard 



hay members of crop rotations for the northern 
half of the United States. Timothy is also useful in 
pasture rotations. See Graminales; Grass crops. 

[h. b. spbacue] 

Tin 

Chemical element number 50, tin, Sn, is a member 
of group IV of the periodic table. It forms tin (II ) or 
stannous (Sn^^), and tin (IV) or stannic (Sn^^), 
compounds, as well as complex salts of the stan- 
nite (M 2 SnX 4 ) and stannate (M 2 SnX 6 ) types. 



Evidence of the earliest use of tin by man dates 
back over 4000 years. The ancients found that tin 
has many unique properties other metals do not 
have. They were quick to realize that it alloys 
readily with copper to produce bronze. It melts at 
a low temperature, is highly fluid when molten, and 
has d high boiling point. It is soft and pliable, and 
does not corrode. 

The most important use of tin is for tinplating 
steel containers used for preserving foods. The next 
important uses are in soldc'r alloys, babbitt (beai- 
ing metal), bronzes, biasses, type metals, and 
pewter. Tin chemicals and compounds, both inor- 
ganit and organic, find extensive use in the electro- 
plating, ceiamic, and plastics industries. See Tin 
ALLOYS. 

Natural occurrence. The important tm produc- 
ing countries are Mala>a, Indonesia, Bolivia, Thai- 
land, Belgian Congo, Nigeria, and China. 

Only one tin-bearing mineral, cassiterite (SnO>), 
is of commercial importance. There are no high- 
grade tin ores. The bulk of the world’s tin ore is 
obtained from low-grade alluvial deposits averag- 
ing approximately V 2 lb of cassiterite per cubic 
yard (3000 lb). Lode deposits containing up to 
4% tin are confined to Bolivia and Cornwall, 
England, where the cassiterite is associated with 
granitic rock and complex sulfides. See Cassitlr- 
11 E. . ^ 

Mining and concentration. The cassiterite is re- 
covered from alluvial deposits bv dredging in a 
placer, water jets and gravel pumps on level ground, 
or hydraulicking where a head of water permits it, 
and open-pit mining. The fine grains of cassiterite 
have a density 2^ times that of the gravel, and 
concentration is a simple matter of screening and 
gravity separations. The concentrates contain 70-* 
77% tin. 


Tin : m 

Underground lode deposits in Bolivig aro loosiod 
12,000 ft above sea level. Access to tlieio lodos 
follows the usual pattern of shaft sinking and 
driving adits. The ore is broken from the w^ing 
face by drilling and blasting, and waste rock is 
disposed of below ground. Complex ore dressing 
methods and high transportation costs make Bo- 
livia the highest cost producer. See Mining, 
placer; Mining, underground; Ore dressing; 
Tin metallurgy. 

Properties. Two allotropic forms exist: white tin 
{p) and gray tin (a). Although the transforma- 
tion temperature is 13.2®C, the change docs not 
take place unless the metal is of high purity, and 
only when the exposure temperature is well below 
0®C. Commercial grades of tin (99.8%) resist 
transformation because of the inhibiting effect of 
the small amounts of bismuth, antimony, lead, and 
silver present as impurities. 

Tin reacts with both strong acids and strong 
bases, but it is relatively resistant to solutions that 
are nearly neutral. In the absence of oxygen, the 
high overpotential of tin causes a film of hydrogen 
to be retained on the surface so that attack by 
acids is retarded. A thin film oT stannic oxide 
forms on exposure to air and provides surface 
protection. 

Halogen acids attack tin, particularly when they 
are hot and concentrated. Hot sulfuric ^acid dis- 
solves the metal, especially in the presence of 
oxidizing agents. Nitric acid attacks tin slowly 
when cold and dilute, more rapidly with rising 
temperature and concentration. 

Dilute solutions of ammonium hydroxide and 
sodium carbonate have little effect on tin, but a 
strong alkali, such as sodium hydroxide, dissolves 
tin to form a stannate. 

Salts that have an acid reaction in solution, such 
as aluminum chloride and ferric chloride, attack 
tin in the presence of oxidizers or air. Nonaqueous 
mediums have little effect on tin. 


Properties of tin 


Melting point. 

231.9 

Boiling point, 

2270 

Specific gravity, a-form (gray tin) 

.*5.77 

^-form (white tin) 

7.29 

Liquid at melting point 

6.97 

Transloimation temperature. ''C 

13.2 

Specific heat, cai/g, white tin at 

0.053 

Gray tin at 10®G 

0 049 

Latent heat of fusion, cal/g 

14.2 

Latent heat of vaporization, cal/g 

520 ± 20 

Heat of transformation, cal/g 

42 

I'hermal conductivity, caI/(cm)(cm*)(®C)(8ec), 

white tin at 0®G 

0.150 

Goeificient of linear expansion, at 0®C 

19.9 X 10“' 

Shrinkage on solidification, % 

Resistivity of white tin, microhms /cm’. 

2.8 

at0®C 

ii.Q 

at 100“C 

BriiM*!! hardness, 10 kg/(Snun)(180 sec). 

15.5 

at 

3.9 

at 220<‘C 

0.7 

Tensile stroogth ae cast, psi, at 15®C 

2100 

at200”C 

650 

at-40"C 

2900 

at -120»C 

12^700 
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wn Aat dwceotratioiis 
imita in canned goods 
adverse effects on the 
18 of organotin com- 
, are toxic. The most 
are shown in the table. 
The United States is by 
itf die largest consumer of tin. Coatings, alloys, 
and compounds are the most important outlets for 
dn. 

Pure tin and alloys of tin can be applied as coat- 
ings to all the common metals by hot dipping or 
by electrodeposition. The tin gives protection to 
metal surfaces that oxidize or corrode readily. The 
coating also aids in fabricating and joining metals, 
and provides a clean adherent base for paint or 
lacquers. 

Tin-coated steel (tinplate for cans) accounted 
for 1 ton out of every 20 tons of steel produced in 
the United States in 1957. More than 5,000.000 
tons of tinplate and 33,000 long tons of tin were 
needed to make the 46,000,000,000 tinned-steel 
containers used by industry in 1957 in the United 
States, of which 60% were food cans and 40% were 
nonfood cans. 

Tinplate manufacture is now largely a contin- 
uous electrolytic process with only a small per- 
centage of production in hot tinning machines. 
Hot-dip tinplate normally carries a tin coating of 
0.0001 in., and single sheets of steel are fed through 
the machine. The electrolytic tinning process is 
capable of handling continuous strands of strip 
steel at high speeds. Electrolytic tinplate can be 
produced in any desired coating thickness from 
0.0001 to 0.000015 in. on each side. A thick coating 
on one side and a thin coating on the other is also 
possible (differential plate) The electrol>tic proc- 
ess uses less tin per ton of steel, but tinplate con- 
sumption has increased annually by almost 3,000,- 
000 tons since the first electrolytic line went into 
production in 1941. 

Hot-dip tinplate amounted to only 13% of the 
total production in 1957. It is still used for special 
corrosive food packs. Heavil> coated tinplate is 
also used for kitchen utensils, gas-meter cases, 
automotive parts, and returnable containers. Elec- 
trolytic tinplate, now 87% of production, finds 
wide use for general line food containers and for 
packaging nonfood products. Electrolytic tinplate 
in the thinner coating weights usually requires a 
baked enamel coating over the tin, except when 
used for mildly corrosive and dry food packs and 
for nonfood products. See Food preservation. 

For other industrial applications, hot-dip tin 
coatings are applied to copper wire and sheet and 
to steel and cast iron parts. Examples are lugs and 
connectors for the electrical industry, the 10-gal 
tinned steel milk can, and tinned cast-iron food 
grinders. Hot-dip tin-lead coatings find service as a 
coating for gasoline tanks and filler pipes, and 
capacitor and transformer cans. 


Itie platiifg faidustry coitsiMiet tomi i»f fin ^ 
anodes for tbe eleetrodepositlesi of puio tin coat- 
ings and tin alloy coatings. Eleetrodepoaitod tin 
coatings, which can now be plated in a brighl con- 
dition, make steel, copper, and aluminum egsy to 
solder. Tin alloy coatings (tin-copper, timlead, 
tin-zinc, tin-cadmium, and tin-nickel) have advan- 
tages over single metal plates. They are denser and 
harder, more corrosion resistant, brighter or more 
easily buffed, and more protective for the basis 
metal. Tin-copper coatings (12% tin) have an ap- 
pearance of 24-k gold, and when lacquered, serve 
as an attractive finish for jewelry, handbag frames, 
wire goods, and hardware Tin-lead electroplates 
(10-60% tin) have excellent corrosion resistance 
and solderability, and are well adapted to the plat- 
ing of printed circuits and electronic parts. Tin- 
zinc coatings (75% tin) have wide applications for 
radio, television, and electronics. They provide 
galvanic protection to steel in contact with alumi- 
num. Tin-cadmium coatings (25% tin) are espe- 
cially resistant to salt vapors, ted have a number of 
applications in the aircraft industry. A tin-nickel 
coating (66% tin) will substitute for nickel and 
for lopper-nickel-chromium as an ornamental fin- 
ish. Commercial applications include coatings for 
watch parts, surgical and scientific instruments, 
coffee perrolatois, and costume jewelry. See Mftal 

COATINGS 

Principal compounds (inorganic). Stannous and 
stannic tin salts have a number of uses in the field 
of electroplating, ceramics, and textiles. Those that 
are produced on a commercial scale are stannous 
compounds, oxides, and stannates. 

Stannous oxide, SnO, forms black crystals solTi- 
ble in acids and strong alkalies. It is prepared by 
treating stannous chloride with alkali. The pre- 
cipitated stannous hydroxide is converted to the 
oxide by heating near the boiling point of water at 
a controlled pH. It is thermally stable up to 385^C. 
at which temperature, it is converted to stannic 
oxide. It is used in making stannous salts for plat- 
ing and glass manufacture. 

Stannic oxide, SnOj, is a white powder, insoluble 
in acids and alkalies. I^ is prepared by atomizing 
tin with high-pressure steam and burning the finely 
divided metal, or by calcination of the hydrated 
oxide It is an excellent glaze opacifier, a com- 
ponent of pink, yellow, and maroon ceramic stains 
and of dielectric and refractory bodies. It is an 
important polishing agent for marble and decora- 
tive stones. 

Stannous chloride, SnCU, is available in the an- 
hydrous and hydrated forms. The anhydrous salt 
results from the direct reaction of chlorine and 
molten tin. The hydrated salt is prepared by treat- 
ing flaked tin with hydrochloric acid, followed by 
evaporation and crystallization. It is the major 
ingredient in the acid electrotin plating solution, 
and is an intermediate for tin chemicals. 

Stannic chloride, SnCU, a fuming liquid, is pre- 
pared by direct chlorination of tin. The pcntahy- 
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and copper are important in the manufacture of pound. 

^^QtannAiuTBiilfotA - 1*1 £ Analysis, Tin metal in a high state of purity is 

... , ’ j . *’ used in lacquer fin- available commercially under various brand names, 

ishing steel wire and in electroplating. Grade A metal is guaranteed to contain a minimum 


Stannous fluoride, SnFa, a while water-soluble 
compound, is a toothpaste additive. 

Principal compounds (organic). Organotin com- 
pounds are those compounds in which tin is linked 
directly to one or more carbon atoms. Industrial 
interest started with the discovery that certain 
dibutyltin compounds, notably the dilaurate and 
maleate, were effective in preventing the decom- 
position of polyvinyl chloride resins during process- 
ing. Incorporating 2% of the stabilizer was found 
to be satisfactory, and several hundred tons of 
dibutyltin compounds are used annually in resins 
and chlorinated rubber paints. 

The starting material for the commercial prepara- 
tion of tin stabilizers is dibutyltin dichloride, which 
ran be hydrolyzed to dibutyltin oxide. Quantitative 
yields are obtained by treating the oxide with 
equivalent amounts of the appropriate acids. In a 
modified Wiirtz reaction, the dibutyltin dirhloride. 


of 99.75% tin, and the user rarely needs to know 
the amounts of the different impurities. 

The most satisfactory gravimetric method for tin 
is based on the precipitation of a tin-tannin com- 
plex from solutions of controlled acidity and sub- 
sequent ignition of the complex to Sn 02 . 

Volumetric methods utilize the reducing power of 
stannous compounds. Tin and tin alloys are dis- 
solved in hydrochloric acid, the tin is reduced by 
digesting with nickel, granulated lead, or iron 
powder, and the solution is cooled in a protecting 
atmosphere of carbon dioxide and titrated with 
standard iodine or iodate solution. See Alloy; 
Brazing; Soldering. [r.m.m.] 

Bibliography: W. E. Hoare, Tinplate Handbook, 
Tin Research Inst. Publ. 181, 1957; G. J. M* van der 
Kerk and J. G. A. Luijten, Investigations on Organo- 
Tin Compounds, Tin Research Inst. Publ. 221, 
1957; J. W. Price and W. C. Coppins, Sampling 


butyl chloride, and sodium react to form tetra- o/ Tm 7 ngor 5 , Tin Research Inst. Publ. 

butyltin. This in turn is treated with stannic ehlo- 195, 1955. 
ride to give dibutyltin dichloride, part of which is « .. 

recycled. A number of diaiyl and dialkyl compounds * ailOyS 

of tin are produced commercially. Alloys account for about one-half of die world's 

Certain ranges of trialkyltin and triaryltin com- consumption of new tin. These cover a wide com- 
pounds possess powerful biocidal properties. These position range and many applications because tin 

properties are possessed in high degree only when forms alloys readily with nearly all metals (see 

the tin atom is combined directly with three carbon Tin ) . 

atoms, as in the trialkyl compounds; the^ are at a Soft solders constitute one of the most widely 
maximum when the total number of carbon atoms used and indispensable series of tin-containing al- 

in the molecule is about 12. The practical use of loys. Common solder is an alloy of tin and lead, 

these compounds is in the fields of fungicides, in- usually containing 20-70% tin {see Soldering). 

secticides, and pest control in growing crops. Tri- It is made easily by melting the two metals to- 

butyltin acetate (C 4 H 0 ) <Sn— OOCCHj and bistri- gether. With 63% tin, a eutectic alloy melting 

n-butyltin oxide (^HcOsSn—O — Sn(CiH*))3 are sharply at 361®F is formed. This Is much used in 

commercially available for use as antimicrobial the electrical industry. A more general purpose 

agents in the fields of paper, wood, plastics, leather, solder, containing equal parts tin and lead, has a 

and textiles. These compounds can be made by the melting range of 56^¥. With less tin, the melting 

modified Wurtz reaction and subsequent hydrolysis range is increased further and wiping joints, such 

with potassium hydroxide. as plumbers make, can be produced. Lead-free sol- 

Applications of organotin compounds in the ders for special uses include tin containing up to 

agricultural field require rigid control of ' the de- 5% of either silver or antimony for use at temper- 

gree of toxicity. This cduld be achieved possibly by atures somewhat higher than tin-lead solders, and 

changing the configuration of the organotin mole- tin-zinc base solders often used in soldering alu- 

cule. Attaining this goal is a step closer with the minum. 

development of a new method of synthesis which Bronzes are among the most ancient of alloys 
allows the preparation of a variety of hitherto un- and still form an important group of structural 

known types of functionally substituted organotih metals. Of the true copper-tin bronzes, op to 10% 

compounds. Organotin hydrides (RiSnH), pre? tin is used in wrought phosphor bronzes, and from 



idhidb ate basksally coptm^ 
0.7^1.0% tin fot additional 
in such wrought allc^ as Ad- 
1 and Naval braas, and up to 4% tin 
leaded brasses {see Copper alloys) . Among 
cast bronzes are bell metals historically 20- 
24% tin for best tonal quality, and speculum, a 
white bronze containing 33% tin that gained fame 
for high reflectivity before glass mirrors were in- 
vented. 

Babbitt or bearing metal for forming or lining a 
sleeve bearing has been one of the most useful tin 
alloys. It is tin containing 4-8% each of copper 
and antimony to give compressive strength and a 
structure desired for good bearing properties. An 
advantage of this alloy is the ease with which cast- 
ings can be made or bearing shells relined with 
simpfe equipment and under emergency condi- 
tions. See Bkarinc, antifriciion. 

Pewter is an easily formed tin-base alloy that 
originally contained considerable lead. Thus, be- 
cause Colonial pewter darkened and because of po- 
tential toxicity effects, its use was discouraged. 
Modern pewter is lead-free. The most favoiablc 
composition, Britannia Metal, contains about 7% 
antimony and 2% copper. This has desired hard- 
ness and luster retention, >et it can be readily cast, 
spun, and hammered. 

Type metals are lead-base alloys containing 3 
15% tin and a somewhat larger proportion of anti- 
mony. As with most tin-bearing alloys, these are 
used and remelted repealedlv with little loss of 
constituents. Tin add** fluidity, reduces brittleness, 
and gives a structure that reproduces fine detail. 

Among miscellaneous tin-containing alloys com- 
monly encountered are: costume jewelry, alloys 
similar to pewter and bearing-metal compositions 
which are often cast in rubber molds; die castings 
of tin hardened with antimony and copper for ap- 
plications reffuiring close tolerances, thin walls, 
and bearing or nontoxic properties; and low-melt 
ing alloys for safety appliances. The most comnum 
dental amalgam for filling teeth contains 12% tin. 
See Alloy. f b.w.l.] 


Tin metallurgy 

Tin is comparatively easy to reduce to metal from 
the oxide by pyrometallurgy. However, this opera- 
tion differs from the smelting of most common 
metals because it requires retreatment of the slag 
to obtain efficient metal recovery. 

Smelting of tin concentrates is usually done in 
reverberatory furnaces using coke or coal as the 
reducing agent. The older method of using small 
shaft or blast furnaces is still practiced in a few 
localities, such as in the Far East. Also, electric 
furnaces have been used successfully, particularly 
in the Belgian Congo, but these account for only a 
small part of total production. The chief smelters 
are located at Penang and Singapore in the Malay 
Peninsula, Liverpool in England, Hoboken in Bel- 


ginm, WoMOi in the Congo, and 

aty in the United States. 

From alluvial tin ores, very high-grade 
ite (natural tin oxide) concentrates are normally < 
obtained which contain 70-77% tin and only minor 
metal impurities. These are charged directly to the 
reverberatory furnace. Concentrates from lodie or 
vein deposits, such as those in Bolivia, are lower 
grade and usually contain substantial amounts of 
harmful impurities. If the grade is low, and Bolivian 
concentrates have ranged from 18 to 60% tin, ad- 
ditional upgrading at the smelter may be neces- 
sary. Sulfur, arsenic, and some lead, antimony, and 
bismuth are removed by roasting; addition of salt 
to form volatile or soluble chlorides assists par- 
ticularly in removing lead and silver. Excessive 
amounts of iron and copper, with other soluble im- 
purities, are leached from the calcine with hydro- 
chloric (muriatic) acid. Various combinations of 
tieatment fit specific needs. 

In primary smelting, at about 1200“1.300°C to 
keep the slag fluid, the amount 4f reducing agent is 
limited to give incomplete reduction and, thus, to 
produce metallic tin, low in iron. The resultant rich 
slag is (onsequently high in tin and usually high in 
iron. Bv a strongly reducing retreatmenl, with ad- 
dition of more iron if necessary, a low tin slag is 
seemed. This is discarded or retreated to recover 
prills (nuggets) of tin-iron. Because considerable 
iron is reduced in slag retreatment, the iron-con- 
taining tin, or hardhead, is fed back to the primary 
smelting furnace directly; or, after liquation to 
lemove pait of the tin, the high-iron dioss may be 
recin ulated to the slag-treatment furnace. 

Crude tin from smelting is liquated (that is, 
partially melted ) to remove iron, copper, and other 
impurities which form solid compounds apprer iably 
above the melting point of tin. At times, liquid tin 
has been filtered to reduce the iron content to an 
insignificant level. Final refining is done in poling 
kettles hy agitating the molten tin with steam or 
compressed air or with poles of green wood. Some 
metal impmities with considerable tin and tin oxide 
form a scum which is removed and recirculated 
through the smelting cycle The refined metal from 
most smelters is over 99.8% tin. Recovery of tin is 
iisuallv over 97% , and discarded slag contains onlv 
1-2% tin. 

Secondary tin from metal scrap amounts to about 
one-third of the total tin consumed in the United 
States. Most of it comes from tin-bearing alloys, and 
secondary smelters rework them into alloys and 
chemicals. However, several thousand tons per year 
of tin metal of highest purity is recovered from the 
detinning of tin-plate scrap. The tin is removed with 
a hot caustic solution and recovered electrolytically. 
See Pyromftallurcy, nonferrous ; Tin. f b.w.c.] 
Bibliography: C. L. Mantell, Tin, 2d ed., 1949. 

TInamIformes 

An order of bird, romprising the single family 
Tinamidae, the tinamous of Central and South 
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Tintinnida 


An order of the Spirotricha which are conical or 
trumpet-shaped pelagic forms that live in shells or 
loricae. They are especially abundant in oceans 
such as the Pacific. The exact structure, often quite 
elaborate, and the dimensions of the lorica are so 
recognizably different among the hundreds of 
known genera that the taxonomic arrangement of 
forms within the order is based solely upon char- 
acteristics of this secreted “house.” The adoral 
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Tinfmnopsis, an example of a tintinnid. 


zone of membrane! les is prominent, while the other 
riliature is greatly reduced. Fossilized tintinnids, 
actually only the loricae have been preserved, rep- 
resent practically the only fossil ciliates known to 
science. Tintinnus, Tintinnopsis (see illustration) 
are Common. See Spirotricha; Tintinnina. 

I j.o.r.l 


Tintinnina 

A suborder of planktonic marine ciliated proto- 
zoans of the class Ciliat&, characterized by a trum- 
pet-shaped body in a secreted outer shell, or lorica. 
The lorica is composed of a resistant organic com- 
pound in which are embedded various foreign 
mineral grains; is commonly trumpet- or bell- 
shaped, cylindrical, or subspherical ; and ranges in* 
size from 50 to 200 ipicrons. TirUinnopsis is the 



Fossil and modern Tintinnina: Tintinnopsis, Jurassic to 
Recent; Codonellopsis, Recent; Amphoref/ina, Lower 
Cretaceous; Caipionelfa, Recent. 


most common modern genus. Fossil tintinnids are 
identified on the basis of the shape of the lorica in 
cross section as seen in randomly oriented thin sec- 
tions of the rocks in which they are found. Twelve 
genera of fossil tintinnids have been described 
from limestones and cherts of the Jurassic and Cre- 
taceous. See CiLIOPHORA. [d.J.J.] 

Bibliography \ A. S. Campbell and R. C. Moore, 
Treatise on Invertebrate Paleontology^ Part D, 
Protista 3 (Radiolarians, Tintinnines), 1955. 

Tire 

The separate circumferential portion of a wheel, 
designed to roll in contact with the surface over 
which the wheel travels. The principal type of tire 
m U'se today on automotive vehicles is the pneu- 
matic tire, comprising an outer case or shoe, either 
sealed to the rim of the wheel to contain air under 
pressure, or fitted with a separate inner tube that 
contains the air. Such tires are used on road ve- 
hicles such as cars and trucks, on oif-the-road ve- 
hicles such as earth movers, and on airplanes and 
bicycles. The tire cushions the vehicle (and the 
road or runway) from shock, provides traction, 
resistance to skidding, and cornering power, 
whereby the tire transmits a lateral force between 
vehicle and surface to enable the vehicle to turn 
curves. [n.m.] 

Tissue 

An aggiegation of cells more or less similar mor- 
phologically and functionally. The animal body is 
composed of four primary tissues, namely epithe- 
lium, connective tissue (including bone, cartilage, 
and blood), muscle, and nervous tissue. The proc- 
ess of differentiation and maturation of tissues is 
called histogenesis. See Histology; Plant tissue 

SYSTEMS. [C-B.C.] 

Titanate 

A compound obtained when metal oxides or hy- 
droxides are heated with titanium dioxide, TiOg. 
Metatitanates of the formulas KgTiO,!, ZnTiOa, 
PbTiOd, and BaTiOa are formed by fusion of TiOa 
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Qiemieal element number 22 , titanium, Ti, occurs 
in the fourth group of the periodic table, and its 
dhemistry shows many similarities to that of silicon 
and zirconium. On the other hand, as a first-row 
transition element, the aqueous solution chemistry. 

Vile 0 



especially of the lower oxidation states, shows some 
resemblances to that of vanadium and chromium. 
5 ee Transition elements. 

The outer electronic arrangement is 3f/-4s-\ and 
the principal valence state, correspondingly, is 4+ ; 
the 3 + and 2 + states are also known, but are less 
stable. The element burns in air, when heated, to 
give the dioxide, TiOi, and combines with halogens 
according to the reaction 

Ti4 2 X>-^TiX, 

It reduces water vapor to form the dioxide and 
hydrogen, and reacts similarly with hot concen- 
trated acids, although with hydrochloric acid, the 
trichloride is formed The metal absoibs hydrogen 
to give compositions approaching TiHj and forms 
the nitride, TiN, and the carbide, TiC. The sulfide 
Tif 52 can be formed by the reaction of TiCl 4 with 
HoS, and both the lower oxides, Ti^O} and TiO, and 
sulfides, Ti 2 Si and TiS, are known. 

Salts of all three valence stales are known. The 
yellowish Ti(SOt )2 a prominent compound, but 
except in very highly acid solutions, the titanium 
hydrolyzes to titanyl ion, TiO-*^. There is, for ex- 
ample, a basic phosphate, KTiOPOi. With respect 
to the lower valence states, the halide salts are the 
best known and give Ti^*^ and Ti’+ (titanous) ions 
in solution. The latter is violet in color with a broad 
spectral absorption band at 490 m/x; this has been 
interpreted as being caused by a splitting of the 3d 
orbitals by the electrostatic field of the 6 water 
molecules which surround the ion. 

Natural occurranca. The dioxide, Ti 02 v occurs 
most commonly in a black or brown teti agonal 
form known as rutile {a/b ratio » 4.58/2.95 A). 


lass 

aaatase (also tetr«g|aiifelt A) lanfl 

brookite (rhomboliedral)* Both rtitite and anabs^ 
are white when pure* Tie dioxide may be fftsed i 
with other metal oxides to yield titanates, fox ex- 
ample, K 2 Ti 03 y ZnTiOa, PbTiOa, and Ba'^Os. 
The black basic oxide, FeTiOs* occurs naturally as 
the mineral ilmenite; this is a principal commercial 
source of titanium. The dioxide, for example, may 
be prepared from it by dissolving the ore in sulfuric 
acid, clarifying, and then partially neutralizing the 
solution. The titanium hvdrogel which forms is then 
separated from the solution, compacted, dried, and 
calcined. Depending on the heat treatment, the re- 
sulting powdered TiOj may be of the anatase (low- 
temperature) or the rutile (high-temperature) 
type. The dioxide is refractory, and as rutile, has 
the unusually high dielectric constant of about 100 
(173 parallel to, and 89 perpendicular to, the 
principal axis) and an index of refraction of 2.7 
(ds compared to 2.42 for diamond). The anhydrous 
dioxide, although somewhat ach|ic, as evidenced by 
the formation of titanates, is quite inert to acids, 
although the freshly prepared hydrous material is 
soluble in acid. See Ilmenitf. 

Principal compounds. The sesquioxide, TinO^, 
mav be piepared by the hydrogen reduction of the 
dioxide; it is acid soluble, to give solutions contain- 
ing titanous ion, from which the black Ti(OH)j 
may be precipitated by addition of base. In the 
presence of water, Ti(OH)j evolves hydrogen to 
give the dioxide. Titanous ion itself is a good reduc- 
ing agent It has found use in volumetric analysis 
as a quantitative reagent for the determination of 
ferric and permanganate ions. • 

The 2+ oxide, TiO, can be obtained by the high- 
temperature reduction of the dioxide by carbon or 
various metals. It is basic, but its salts are unstable 
in water solution because of the strong reducing 
powei of the Ti-^ ion. 

Among the halogen compounds of titanium, the 
best known are the tetrahalides. TiXi. In addition, 
the complex ions TiFi,- and TiChr" are well 
known. Titanium tetrachloride is a light yellow 
liquid boiling at 1.36®C; it may be prepared by th#* 
direct leartion of the e%ments, but a recent com- 
mercial process makes use of the common ore 
ilmenite as starting mateiial. As in the manufacture 
of the dioxide, the ore is dissolved in sulfuric acid, 
but the solid KjTiClo is precipitated out by satu- 
rating the solution with HCl and KCI. The complex 
salt ife then thermally decomposed to give TiCU. 
The tetrachloride hydrolyzes with water or moist 
air to give the dioxide; it reacts with metal tri- 
alkvls, such as aluminum triethyl, to form TiCls 
and more complex compounds, and with alcohols 
to form compounds of the type Ti (OR ) 4 . 

The trichloride may also be obtained by reduction 
of TiCli by metals such as silver or zinc, and by 
electrolysis. The dichloride can be prepared by the 
thermal decomposition of the trichloride. 

Titanium in the 4+ state forms various complex 
ions, in addition to the TiX(i^~ species described 
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paints because of its chemical inertness, superior 
covering power, opacity to damaging ultraviolet 
light, and self-cleaning ability. Both the rutile and 
anatase forms are used, but especially the former. 
The total production of Ti02 in the United States 
amounts to some 400,000 tons annually, mostly 
from ilmenite ores. 

The dioxide has also been used as a whitening 
or opacifying agent in numerous situations. Exam- 
ples would be the use as a filler in paper, a coloring 
agent for rubber and leather products, a pigment in 
ink, and a component of ceramics. Recently, it has 
found important use as an oparifving agent in 
porcelain enamels, giving a finish coat of great 
brilliance, hardness, and acid resistance. Rutile has 
also been found as brilliant, diamondlike crystals, 
and some artificial production of it in this form 
has been achieved. Because of its high dielectric 
constant, it has found some use in dielectrics. 

The alkaline-earth titanates show some remark- 
able properties. The dielectric constants range from 
13 for MgTiOi to several thousand for solid solu- 
tions of SrTiOi in BaTiOi. Barium titanate itself 
has a dielectric constant of 10,000 near 120®C, its 
Curie point; it has a low dielectric hysteresis. 
These properties are associated with a stable polar- 
ized state of the material analogous to the magnetic 
condition of a permanent magnet, and such sub- 
stances are known as ferroelectrics. In addition to 
the ability to retain a charged condition, barium 
titanate is piezoelectric and may be used as a trans- 
ducer for the interconversion of sound and electri- 


toT ceWuloae iaWics. The aceiyVacelonaXe, Ti^C* 
HH02'k29 may be used as a crossVihking agent in 
lacquers so that on drying, the resulting film be- 
comes inert to solvents. 

Polymerization catalysis. An important develop- 
ment in the low-pressure polymerization of ethylene 
has been the use of titanium catalysts. Typical 
starting materials would be TiCl4 and A1(C2 Hr) «, 
which then react according to the general scheme: 

TiCU-f AKQHb),-^ 

Al(C2H5)2Cl-f-TiCU(C2H6) 
TiCl4 + 2Al(C2H6)i-^ 

TiChCCxHsla 4- 2 AlCKC.Hsla 
TiCl,(C2Hr>) TiCl, -f CH,CH2* 

TiCl2(C2HR) TiCh -f CHnCHa* 

At the same time, mixed halide-alkyl complexes of 
variable composition are formed, for example, 
(C2H5)2TiCl2Al( €2113)2. It is the catalytic activity 
of such complexes that forms the basis of the well- 
known Ziegler process for the polymerization of 
ethylene. This type of polymerization is of great 
industrial interest since, by means of it, high- 
molecular weight polymers can be formed. In some 
cases, desirable special properties can be obtained 
by forming isotactic polymers, or ones in which 
there is a uniform stereochemical relationship along 
the chain. See Polyoi-ehn rlmns; Titanate; Tita- 
nium METALLURGY. [a.W.A,] 

Titanium metallurgy 

Titanium is the fourth most abundant metallic ele- 
ment in the earth’s crust and ninth mo^ common 


cal energy. Ceramic transducers containing barium 
titanate compare favorably with Rochelle salt and 
quartz, with respect to thermal stability in the first 
case, and with respect to the strength of the effect 
and the ability to form the ceramic in various 
shapes, in the second case. The compound has been 
used both as a generator for ultrasonic vibrations 
and as a sound detector. See Piezoelectricity. 

Although somewhat corrosive, liquid titanium 
tetrachloride has found use in the formation of 
smokes, especially in World War I, and also in com- 
mercial skywriting. On contact with moist ai^, the 
compound TiCl 1*51120 first forms, followed by hy- 
drolysis to the dioxide. 

More recently, TiCU has become an important 
starting material for the production of titanium 
metal (by means of magnesium or sodium reduc- 
tion), Its commercial preparation from ilmenite, 
has already been described. The compound has be- ^ 
come very important in the catalytic polymerization 
of ethylene. 


element. It is a silvery-gray, paramagnetic metal 
produced in strengths equal or superior to steel, 
although its specific gravity (4.5) is approximately 
56% that of alloy steel. It retains its properties in 
the temperature range —320 to +1000®F. Its melt- 
ing point is 3074^ F ; boiling point, 6395^ F ; coeffi- 
cient of expansion, 8.5 X 10 Titanium metal is 
low in electrical and thermal conductivity, and it 
also offers outstanding resistance to corrosion in 
oxidizing media and is impervious to atmospheric 
or salt-water corrosion. 

The unique combination of titanium’s intrinsic 
properties was immediately seized upon by de- 
signers seeking to lighten the weight of jet engines 
and airframes when wrought titgnium shapes 
(sheet, strip, plate, bar, billet, wire, extruded 
shapes, and tubing) became available in 1950. Since 
then, titanium metal has achieved an industrial 
status that took other metals, such as lead, copper, 
and zinc, 40-60 years to reach. Of the newer metals, 
aluminum spanned 28 years and magneiftuiA 26 



capabilities' 

Hyslttin industry in 1959. 

r THaniunt sraa first discovered in 1791^ when an 
cli^Syman and amateur chemist^ William 
it from the black magnetic sands 

M<l(litlllii;ical eotlrattion. Crude titanium was 
first isolated in 1825 by J. J. Berzelius, but it was 
not imtil 1906 that M. A. Hunter separated enough 
metal for study. Titanium metal (as contrasted to 
titanium pigment) as known today was first pro- 
duced by a process patented by William A. Kroll, a 
Luxembourg scientist. Kroll first made metallic 
titanium in 1928 while looking for a substitute for 
beryllium for copper-beryllium alloys. He found no 
commercial interest in the new material in either 
Europe or the United States. 

In 1937, Kroll invented the reduction process 
which bears his name (the dry, high-temperature 
reduction of the titanium halide with magnesium). 
In 1947, the U.S. Bureau of Mines produced 2 tons 
of sponge by the Kroll process, and in 1957, total 
production was 17,500 tons. 

Problems encountered in producing titanium 
initially appeared to be insurmountable. The liquid 
metal seems to be a universal solvent, and either 
dissolves or is contaminated by every known re- 
fractory; the metal must be reduced (won) from 
its ore with extreme purity, because the contami- 
nants generally destroy the desirable physical 
properties; furthermore, the metal, when molten, 
is so very active chemically — absorbing nitrogen or 
oxygen from the air quite rapidly- -that all extrac- 
tive and ingot-melting processes must be carried 
out either in vacuum or under the protection of an 
inert atmosphere of helium or argon. 

The first step in winning titanium metal from its 
ore is to chlorinate an oxide-carbon mixture to 
obtain titanium tetrachloride. This first step has 
many counterparts in extractive chemistry because 



Sponge processtng. (After R, A. Mafasiek) 


it is a useful method for obtainmg volaU^ or ^ 
soluble compounds of many refractory meiiiils, 
which can be separated from other constituenti| by 
fairly simple means and then reduced. Thus, the 
titanium tetrachloride is treated with magnedum 
metal in a heat-resistant steel vessel at a red heat 
under an inert gas blanket. The products of this 
reaction are commercially pure, spongy titanium 
metal and magnesium chloride. The bulk of the 
magnesium chloride is drained out of the reaction 
chamber as a liquid and is electrolyzed to recapture 
chlorine gas and magnesium metal. 

The titanium sponge, with scrap and alloy ele- 
ments added, is then pressed into electrodes and 
melted into a primary ingot in a water-cooled 
copper crucible. This ingot is then remelted in a 
consumable-arc vacuum furnace into the final ingot. 
By double-melting with consumable arcs and with 
a reduced- pressure furnace atmosphere, electrode 
contamination is avoided and the hydrogen content 
is held to a very low level. 

Forging, rolling, and drawing of titanium from 
ingot to finished product present no peculiar prob- 
lems not mastered by mills experienced in the 
handling of stainless and high alloyed steels. In 
general, titanium requires smaller reductions than 
stainless steel to minimize edge cracking. See 
Mf.tal forming. 

Volume and markets. Before 1957, 90% of tita- 
nium metal production was restricted to military 
purposes, and estimates show that 98% of produc- 
tion actually was channeled to defense outlets, 
primarily for jet engine compressor parts and air- 
frame slruclural assemblies. Until 1957, titaniun^ 
production showed uninterrupted growth to 17,500 
sponge tons. The strategic shift from manned air- 
craft to unmanned missiles was reflected in the 
production in 1958 of 4500 sponge tons. Sponge 
prices were reduced from S^5.00 per pound in 1950 
to $1.62 in 1958. The Composite Price Index of 
Titanium Metals Corporation of America (based on 
commercially pure sheet and strip, alloy bar and 
billet, plus applicable price extras) shows mill 
product prices were reduced from $15.25 per pound 
to $7.59 per pound. * 

Because its price compares favorably with that of 
other vacuum-melted metals, titanium is now win- 
ning increased acceptance in the basic chemical in- 
dustry for valves, pumps, heat-transfer units, and 
liners; in the electronic industry, also because 
titanium absorbs gases and has a coefficient of ex- 
pansion similar to ceramics; in missiles; in nu- 
clear reactors; and in commercial airplane manu- 
facture. 

The cost of fabricating titanium into finished 
assemblies is comparable to that of .stainless steels. 
In general, these fabrication costs amount to about 
four times the cost of the steel. 

Titanium-base alloys. In general, titanium alloys 
fall into three classes depending on the phase (or 
phases) pre.sent at room temperature. 

Alpha alloys. Titanium of the highest possible 
purity, commensurate with large-scale production 
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ion an aXVo^ <A ^^an\\iIn NaiVoua intetalilial 
cicmenla auc\i aa ca*on, ox^^aiv, and miio^n 
Because lYveae \u\eTal\iia\s loia\ only aBoui 0.2S% 
of l\ie composition, there is ample metallurgical 
precedent for the designation commercially pure. 

There is only one commercial substitutional 
a-alloy, Ti-5Al-2.5Sn, containing 5% aluminum 
(the only metallic a-stabilizer) and 2.5% tin. 

Generally speaking, a-alloys (hexagonal close- 
packed structure) have highest strength and best 
oxidation resistance at high temperatures (600 
llOO^F) and the best weldability of all titanium 
alloys. However, without a p phase, these alloys 
have lower strength at room and moderately ele- 
vated temperatures. Furthermore, they respond 
only slightly, if indeed at all, to heat-treatment. 

At present, commercially pure and Ti-5Al-2..5Sn 
are employed where weldability and moderate 
strength, at or below 1000®F, are required. 

Alpha-beta alloys. The «-j8-alloys vary widely in 
composition and general characteristics. At one end 
of the alloy range are deep-hardening alloys such as 
Ti-2Fe-2Cr-2Mo and Ti-4Al-4Mn, which provide 
high strength at room and moderately elevated 
temperatures. At the other end are the lean a-j3 
compositions, such as Ti-6A1-4V and Ti-7Al-4Mo. 
These alloys are shallow hardening, but their com- 
paratively high aluminum content gives them high 
strength and improved elevated temperature prop- 
erties. 

Asa tlass, o-j8-a11o>s have high strength, respond 
better to heat-treatment, and are more forraable 
than o-allovs. Their weldability is inferior, however. 

High-strength o-^-alloys have found diversified 
uses, particularly for forgings, fasteners, and sheet 
applications. 

Beta alloys. The only metastable /?-alloy (body- 
centered-cubic structure) in commercial produc- 
tion today is Ti-13V-llCr-3Al. It can be readily 
formed at room and slightly higher temperatures, 
and it has better weldability than a-j8-alloys. It can 
be solution-treated, formed in the soft condition, 
and then age-hardened to high strength. The alloy 
has somewhat higher density than most other com- 
mercial alloys and is not thermally stable above 
700° F. Its ability to be cold- worked makes it the 
first high-strength titanium alloy that can be used 
for cold-headed bolts. .Sec Alloy; Pybometal- 

LURCY, NONFERROUS; TiTANIUM. [t.W.L.] 

Titmouse 

Any of several species of the widely distributed 
songbird family Parldae, which also contains the 
chickadees. The United States has three species of 
titmice, all in the genus Baeolophus ( =» Par us). By 
far the best known is the tufted titmouse, B, bi- 
color, a common bird of the eastern deciduous for- 
est. It is the only eastern gray bird that has a 
cre.st; it is whitish below, and the flanks are washed 
with rust. The tufted titmouse usually winters 
throughout its breeding range. It is as acrobatic as 





The tufted titmouse, Baeolophus bicolor; length to BYy 
in. {From E, L, Palmer, Fieldbook of Natural History, 
McGraw^ill, 1949) 

the chickadee in its feeding, and is also welbknown 
for its clear, whistling call of peter, peter.” 

See Chickadee. Ij.d.b.] 

Titration 

The process in which a solution containing a known 
concentration of a substance (the titrant) is added 
to another solution containing an unknown con- 
centration of a second material (the analyte) that 
will react with the titrant. The titrant is added until 
there is some indication (hat an amount of substance 
equivalent to the material of unknown concentra- 
tion has been added. If the stoichiometry or the 
exact ratio is known for the manner in which the 
substance in the titrant reacts with or is et}uivalent 
to the material of unknown concentration, it is pos- 
sible to calculate the amount of material present 
in the unknown solution. See Volumetric analysis. 

In order to perform a titration, it is necessary to 
have (1) a solution of known concentration and 
hence chemicals of known purity to prepare these 
solutions; (2) some means of detecting the com- 
pletion of the reaction; and (3) calibrated appa- 
ratus, including burets, pipets, and volumetric 
flasks. 

Solutions of known concentration, called standard 
solutions, are prepared in two ways. The direct 
method involves weighing a sample or measuring a^ 
volume of a pure substance (primary standard) 
into a volumetric flask, dissolving it in a suitable 
solvent, usually water, and then diluting it care- 
fully to volume in the flask. The concentration of 
the solution is then calculated from the weight of 
substance taken and the volume to which the solo* 
tton was diluted. The indirect method is used when 



% jpUfe cv a substance of known purity 

is pm a^aSabte for preparing the solution. In these 
oases* a si^ntion of approximately the eoncentra- 
tioii 4eB{ied is prepared, and its concentration is 
dmoraslned by titration against a weight of sub- 
8tnnoe«of known purity* 

The reliability of a titration depends upon the 
accuracy with which volumes of solutions can be 
measur^. This is usually less than the accuracy of 
weighing* and is greatly aflFected by the tempera- 
ture of the solution, the cleanliness of the meas- 
uring equipment, and the certainty of the markings 
on calibrated equipment. For the most accurate 
work in titrations, these errors must be minimized. 

Classification by chemical reaction. The types 
of chemical reactions that can be followed by titra- 
tion methods fall into three general categories. 

Acid^base or neutralization reactions. These ap- 
plications involve the titration of an unknown base 
with a titrant containing a known concentration of 
an acid or, conversely, the titration of an unknown 
acid with a basic titrant. For example, to determine 
the amount of acetic acid in vinegar by titration, a 
known volume or weight of vinegar is dissolved in 
water and titrated with a standard solution of 
sodium hydroxide. From the volume (and concen- 
tration) of sodium hydroxide solution added when 
the indicator, phenolphthalein, just changes from 
colorless to a faint pink color, the weight of acetic 
acid present in the sample can be calculated. Be- 
cause any other acidic substance present in the 
vinegar would also react with the titrant. this 
determination of acetic acid cannot be considered 
a specific determination unless it is known that 
acetic acid is the only acidic substance present. 
This nonspecificity is characteristic of all titration 
methods, but by careful control of experimental 
conditions or by the prior use of various separation 
techniques, titration methods can be used to per- 
form an analysis for a single component in a fairly 
complicated mixture. See Acid and base; Nhjtral- 
IZATION. 

Oxidation-reduction reactions. In these applica- 
tions, an oxidizing agent is used as the titrant for 
substances that undergo a stoichiometric oxidation. 
Conversely, a solution of a reducing agent may be 
used as the titrant for oxidizing agents. However, 
because many reducing agents are oxidi/ed by 
oxygen from the air, standard solutions of many 
reducing agents are not stable. For this reason, 
solutions of reducing agents must be standardized 
frequently. Consequently, standard solutions of 
oxidizing agents are more widely used for titrations 
in this category than standard solutions of reducing 
agents. See Oxidation-reduction. 

Precipitation and complex- formation reactions. 
Theoretically, all reactions that involve the forma- 
tion of either a precipitate or a complex ion, if 
they proceed sufficiently rapidly and if the products 
are of definite composition, should provide the basis 
for a titrimetric determination. A precipitation 
reaction that is widelv used for a titrimetric determi- 
nation is the precipitation of chloride ion with 


silver ion from a standard solution of silver nitrate. 
There are various convenient and accurate tnel)iods 
to determine the equivalence point between these 
reactants. However, many precipitation reactions 
do not lend themselves to titration methods because 
the precipitate may form too slowly and is not of a 
definite and reproducible composition, and because 
there is no convenient method to detect the equiva- 
lence point. Titrations involving complex-ion forma- 
tion have become much more important since the 
discovery of ethylenediaminetetraacetic acid and 
related compounds. Procedures now exist for the 
titration of moie than 30 metal ions by using these 
reagents. Furthermore, by utilizing the techniques 
of masking (competitive complexation reactions) 
and pH control, it is possible to determine each of 
several metal ions in a mixture. See Complex 
roMPOUNDb; Precipitation (chemistry). 

Solvents. Titrations need not be carried out in 
aqueous solutions. Considerable use has been made 
of nonaqueoiis media, principally for the titration 
of acids or bases. Substances thAt exhibit extremely 
weak basic properties in water will react as stronger 
bases in a more acidic solvent such as glacial acetic 
acid Consequently, by using a titrant of perchloric 
acid dissolved in glacial acetic acid, it is possible 
to determine substances that are too weakly basic 
to react completely in aquef>us media. Conversely, 
basic solvents such as ethylenediamine can be used 
for the medium of the titration of very weak acids. 
In addition, various ketones such as methyl isobutyl 
ketone, and even some aproth liquids such as 
benzene have been used ior the solvent in the titra- 
tion of mixtures of weak acids or mixtures of strong 
and weak acids. In these solvents, the base is usu- 
ally a tetraalkylammonium hydi oxide. 

Classification by end points. The accuracy of all 
titrations is limited by the ability to detect the 
equivalence point between the titrant and the an- 
al vte. The completion or end point of a titration is 
usually detected with the aid of some sort of in- 
diiator or bv a physical measurement. Potentio- 
metric methods can be considered the universal 
method for detecting the true equivalence point in 
a titration. From such mgasurements. the suitability 
of various chemical indicators, which are generally 
more convenient to use, can be deduced. Chemical 
indicators are c hosen so their distinctive color 
change octuirs as close as possible to the true 
equivalence point. The end point of the titration is 
then equal to the true equivalence point. If the end 
point does not coriespond to the equivalence point, 
an error which is proportional to the discrepancy 
between the equivalence point and the point where 
the indicator changes color is introduced into the 
determination. 

Indicators, Indicators used for acid-base titra- 
tions are usually weak organic acids or bases. These 
substances show sharp transitions from colored to 
colorless forms or from one colored form to an- 
other over definite and rather narrow changes in 
acid concentration. These color changes have been 
attributed to transformations from ion to molecule. 



which !ot an in«Ucatot that is a weak, monoinetic 
acid, can be represented : 

HIn?±H+ + In- 
Acidic form Basic form 

Phenolphthalein is an example of this type of indi- 
cator where the acidic form, the undissociated 
molecule, is colorless and the basic form, the anion, 
is red. Methyl orange is a weak organic base and 
its transformation can be formulated: 

InNR2 + H+;=±InNR2H+ 

Basic form Acidic form 
(yellow) (red) 

The color change of most acid -base indicators is 
spread over about a 100-fold (2 pH units) change 
in the hydrogen-ion concentration. Because the 
hydrogen-ion concentration at the equivalence point 
in various acid-base titrations may differ by as much 
as 10^, it is obvious that the proper choice of in- 
dicator is essential if the end point is to equal the 
equivalence point. 

Chemical indicators are used' also (or oxidation- 
reduction, precipitation, and complexation titra- 
tions. Even though the chemical reactions involved 
with the use of these indicators are different from 
that outlined for acid-base indicators, the same 
precautions corn‘erning the choice of the proper 
indicator must be observed in these cases. 

Indicators usually provide the most convenient 
means for detecting the end point <if a titration. 
However, if the analyte is itself intensely colored, 
the color change of the indicator cannot be ob- 
served. There are also a considerable number of 
titrations where there is no indicator that under- 
goes a sharp color change in the region of the 
equivalence point. In these cases, as well as where 
two or three titratable subslances in the analyte 
may be titrated consecutively and eai'h equivalence 
point is to be detected, a physical method instead 
of an indicator is used for following the course of 
the titration. See Indicaior, acid-base. 

Physical methods. Physical methods for detecting 
end points are generally based on measurements 
involving a change in the electrical or optical prop- 
erties or in the heat content of the solution. The 
chief electrical methods utilize the change in poten- 
tial of an indicating electrode or the change in 
electrical conductance during a titration. See Ti- 
tration, CONDUCTIMETRIC; TiTRATION, POTENTIO- 
METRIC. 

Optical methods for detecting the equivalence 
point of a titration depend on observing the change 
in the color or in the absorbance of the solu'tion 
during the titration. This may be done either 
visually or instrumentally. If a titration is repre- 
sented by the general equation, 

X + R ^ X' + R' 

Analyte Titrant Products 

and if the titrant is highly colored and the analyte 
and products are essentially colorless, it should be 
evident that no apparent color will occur in the 


solution until afiier an amount oi Uismat'^eqi^almi 
to the analyte has been added. An enaiaple^i liila 
type of titration is the titration of iroii(lI) '{ons in 
dilute sulfuric acid solution with a atandasd sofo^ 
tion of potassium permanganate. Of conroe^ if 
visual detection is used, a finite concentration of 
titrant in excess of the equivalence point must be 
added before sufficient color is present to be ob* 
served. On the other hand, if the change of color is 
followed instrumentally by measuring the amount 
of light absorbed by the solution, the absorbance 
can be measured when various volumes of titrant 
have been added. Prior to the equivalence point, 
the absorbance will be virtually zero, but after the 
equivalence point, the absorbance will usually in- 
crease linearly with the concentration of excess 
titrant added, as shown in part (a) of the illustra- 
tion; the point of intersection of the two straight 



lines will indicate the true equivalence point. 
Therefore, this method of detecting the end point, 
which is referred to as a photometric titration, is 
more accurate than visual detection. 

In other titrations, the analyte may be colored, 
whereas the titrant and products are colorless. In 
such cases, the color of the solution would gradually 
decrease as the titrant is added and the photometric 
titration curve would be similar to that shown in 
part (6) of the illustration. If both titrant and 
analyte are colored, but the products are colorless, 
the absorbance of the solution would decrease until 
the equivalence point is reached and would then in- 
crease as excess titrant is added. This type of titra- 
tion curve is shown in part (c) of the illustration^ 
Finally, if the products of the titration absorb light, 
but the reactants do not, the absorbance will in* 
crease during the course of the titration until the 
equivalence point is reached and then either remain 
constant or decrease slightly because 'of dilution. 
This photometric curve is shown in part (d) of the 
illustration. ' 





gftlUMr selflfctivity ai>4 accuracy can be 
photometric titrations if a spectro* 
is used to measure the absorbance of 
s#MlOh. 'fte absorbance can then be measured 
m ASs wavelength of maximum absorption for one 
ni Hie reactants or products in the titration and 
Qmch less interference from the absorbance of 
cilter nonreacting substances is encountered. Fur- 
Hiermore, if these absorbance measurements are 
made with ultraviolet light, it is often possible to 
detect end points in titrations where there is little 
or no visible color change during a titration. 

As shown in the illustration, end points in photo- 
metric titrations are found by extrapolation. When 
the end point is detected visually either by the 
color change of an indicator or from the color of a 
titrant, it ia necessary to titrate slowly in the vicin- 
ity of*the end point so that the volume of titrant can 
be read when this color is just observed. Thus, this 
somewhat tedious process is avoided in photometric 
titrations and in any other technique for detecting 
end points which involves an extrapolation. See 
Titration, amperomltric. 

Thermometric titrations. This process of detect- 
ing the end point of a titration by measuring the 
temperature of a solution as the titrant is added is 
called thermometric or enthalpy titrations. If a 
chemical reaction is exothermic, the temperature of 
the solution will rise during the titration until the 
equivalence point is reached. Further addition of 
titrant will cause relatively smaller changes in the 
temperature because no more reaction is occurring 
and any temperature change must result merely 
from the mixing of the titrant and the solution. For 
endothermic reactions, the temperature of the solu- 
tion will fall until the equivalence point is reached. 

Because the heat evolved for dilute solutions is 
small, this technique cannot be applied to solutions 
more dilute than 0.002 M. Even with more con- 
centrated solutions, the temperature change during 
a titration is small. However, if precautions are 
taken to avoid transfer of heat between the titra- 
tion vessel and its surroundings and if the tempera- 
ture of the titrant and the initial temperature of the 
analyte are equalized, end point-^ can be detected 
by measuring the temperature change during a 
titration. A thermistor has advantages over a ther- 
mometer for measuring these small temperature 
changes because a thermistor can he very small and 
thereby have a very small heat capacity. Further- 
more, the resistance of a thermistor shows a large 
negative temperature coefficient and, therefore, tem- 
perature changes can be followed electricallv by 
measuring the change of resistance with a Wheat- 
stone bridge circuit. Automatic thermoroetric titra- 
tions may be performed by using a pen recorder 
for measuring the temperature from the unbalance 
of the Wheatstone bridge, together with continuous 
addition of titrant from a motor-driven syringe. See 
Thermochemistry. 

Even though thermometric titrations have been 
applied to the titration of weak and strong acids 
and to various precipitation and complex-formation 


reactions, the most useful applications fot 'this 
technique will probably be in nonaqueous systems 
and in situations where it is desirable to perform 
analyses continuously. See Concentration scales; 
Stoichiometry. f c,e,b.J 

Titrationp amperometric 

A titration that involves measuring a current or 
changes in a current during the course of the titra- 
tion (see Titration). From polarographic data on 
half-wave potentials for reductions or oxidations of 
various ions and molecules, it is possible to find a 
setting of applied electromotive force (emf ) for an 
indicator electrode of dropping mercury or micro- 
platinum versus a reference electrode that will be 
appropriate to give a diffusion current that is pro- 
portional to the concentration of one of the re- 
actants in a titration. The observed current at the 
indicator electrode is then a direct measurement of 
the variation of the concentration of one or both of 
the reactants during the course of the titration, and 
from these measurements it is possible to determine 
the equivalence point. 

The measured current may be corrected for the 
small residual current due to condenser effects and 
impurities in the solution being titrated. This, how- 
ever, it not always necessary. /V correction of the 
observed current for the volume change during a 
titration is invariably made and is done by merely 
multiplying the observed current by (V + v) /V 
where V is the initial volume of the solution being 
titrated and v is the volume of titrant added In 
amperometric titrations, the corrected current 
If 01 1 1 is plotted against v Some typical graphs f(y 
amperometric titrations are shown in the illustra- 
tion. EP denotes equivalence point in each case 
(^raph a represents the case where the ion that is 
being titrated or prei ipitated is reducible and the 
ions in the reagent or titrant are not rediicihle \ 



E.P. E.P. 


(e) tltrqnt, ml (d) titranL ml 

End-point (E.P.) detection in amperometric titra- 
tion. 
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so\utioTi wlVv «o4\m %M\late. (;tap\\ b WWuatea a 
titration ’WViere tVio auWance t\iat U being liirated 
is not redu^ciWe at tbe emf applied, whereas the 
titrant is. The titration of sodium sulfate with lead 
acetate would be a typical example. Graph c illus- 
trates a titration in which both the substance being 
titrated and the titrant are reducible at the applied 
emf. The titration of lead nitrate with potassium 
chromate is an example of this type. Graph d 
illustrates an oxidation-reduction titration, namely, 
the titration of thallium (III) with iron (II), The 
descending branch above zero current is caused by 
the disappearance of a reducible substance, thal- 
lium (III). The current beyond the equivalence 
point is the result of adding an oxidizable sub- 
stance, iron (ID, which produces an anodic current 
beyond the equivalence point. The different slopes 
are caused by the different diffusion coefficients of 
the ions that are undergoing reaction. 

As is apparent from the graphs, amperometric 
titrations use an extrapolation of the plotted data 
to obtain the equivalence point. This has the ad- 
vantage that the <*urrenl at the exact equivalence 
point does not have to he measured. Furthermore, 
because the solubility of a pre< ipitated compound 
is always the maximum at the equivalence point 
(that is, there is no common itm present to depress 
the solubility as there is on either side of the 
equivalence point), the observed cut rent is high in 
the vicinit) of the end point (graph c). For this 
reason, anv measurements made close to the equiva- 
lence point die usudllv not used in determining the 
slopes of the straight lines. 

Amperometiii titrations have the advantage that 
a small amount of a given substance may often be 
titiated atcuiatcly in the presence of a very large 
excess of ineit ^alts. As in anv polarographic 
determination, a background of inert salt is essen- 
tial to ( ut down the electrical migration of the sub- 
stance that is being determined so that its t urrent 
will be controlled b> the amount that diffuses »o the 
electrode; and this amount is, in turn, proporrional 
to the com ent ration of this substance in the bulk of 
solution. Because all ionic species, contribute to 
electrical conductance, this situation is one that is 
unfavorable for conductimetric titrations. Also, 
there may not be suitable indicator electrodes for 
potentiometric titrations. For example, it is difficult 
to find good indicator electrodes for nickel, bismuth, 
or lead ions in potentiometry, whereas the dropping 
mercury electrode may be used as an indicator. 

The apparatus for amperometric titrations can 
be very siniple. The currents are measured with a 
galvanometer or a microammeter, and the desired 
emf may be obtained from any convenient battery 
connected across a potentiometer resistor. In some 
cases, the potential of the reference electrode will 
polarize the indicator electrode at the proper poten- 
tial automatically when the two electrodes are con- 
nected through a resistance and a galvanometer in 
series. See Electrolytic conductance; Polaro- 

CRAPHIC ANALYSIS. f C.E.B.l 


A tiArailon in wYiicYi t\ie eleclTical reaiatanc^ ot a 
solution is measured during the course ot the titra- 
tion. Electrical resistance is merely the reci|>Tocal 
of the conductance, and in conductimetric titra- 
tions, it is customary to refer to the conductance in- 
stead of the resistance of a solution. In many titra- 
tions, the concentrations and the mobilities of the 
ionic substances change daring a titration. Because 
the electrical conductance of a solution is directly 
proportional to the number and the mobility of ions 
present, the conductance varies during these titra- 
tions. Therefore, by plotting the conductance as a 
function of the volume of titrant added, a conducti- 
metric titration curve is obtained from which the 
equivalence point can be determined. 

For example, if a solution of hydrochloric acid is 
being titrated with a standard solution of sodium 
hydroxide, the initial conductance of the analyte 
(hydrochloric acid solution) is a result of the 
presence of hydrogen or hydronium ions and chlo- 
ride ions. When sodium hydroxide is added, hy- 
drogen ions react with the hydroxyl ions and are 
removed from solution. At the same time, a con- 
centration of sodium ions equivalent to the hydro- 
gen ions removed are added to the solution. Because 
sodium ions have a lower mobility than hydrogen 
ions, the conductance of the solution decreases. 
Further addition of sodium hydroxide produces the 
same effect, until the equivalence point has been 
reached. Now, further addition of sodium hydroxide 
merely adds sodium and hydroxyl ions to the solu- 
tion and the conductance increases. If the con- 
ductance measurements for this titration are 
plotted for various increments of titrant added, a 
curve similar to that shown in the illustration is 
obtained. In such titrations, it is not necessary to 
measure the conductance at the equivalence point. 
Generally, the conductance is measured for three or 
four definite increments of titrant before and after 
the equivalence point, and the equivalence point is 
detei mined from the intersection of the straight 
lines drawn through the experimental points. 



End-point detaction in conductimetric titration. ' 
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BwfMyM !^Clie, iviobility of ionft increaseii by ap* 
prcisdpiaiiely Z% for each centigrade degree rise in 
temperattue* dbe temperature of the solution must 
reni^ii vfanuaUy constant during a titration. This 
ccmdilion is met by carrying out the titration in a 
vessel suspended in a constant-temperature bath. 
Also, dbe addition of titrant dilutes the ions and 
thereby changes the concentration. If the titrant 
is 20-1^ times as concentrated as the solution being 
tterated, a correction for dilution effect may not be 
necessary. However, one can be made by merely 
multiplying the measured conductance by the ratio 
(V + v)/V, where V is the initial volume of analyte 
and V is the volume of titrant added. 

Conductance measurements are usually made 
with two platinum-foil electrodes which have been 
coated electrolytically with a thin deposit of plati- 
num black. These electrodes are maintained at a 
fixed distance apart and in a fixed location in the 
solution. The resistance between these electrodes is 
measured with a Wheatstone bridge circuit which 
is fed from an alternating current source, usually 
of 1000 cps. 

Conductimetric titrations are well adapted to the 
determination of acids or bases, and to titrations in 
which precipitates or complexes are formed. The 
method is not useful for oxidation-reduction proc- 
esses unless there is a considerable consumption or 
production of hydrogen or hydroxyl ions during 
the reaction. If a highly ionized acid is titrated 
with a highly ionized base, or the reverse, an accu- 
rate end point may be obtained even in ver> dilute 
solution. 

Weak acids or bases may also be titrated accu- 
rately over a considerable concentration range. A 
succession of end points is found if two arid or base 
functions of very different strengths are present. 
For example, a mixture of hydro(*h]oric and acetic 
acids or of acetic and boric acids may be titrated. 

A single conductance measurement may serve for 
the determination of a particular substance, pro- 
vided suitable prior calibration has been made. For 
example, a iwo-component mixture can frequently 
be analyzed by this technique. In addition, the 
conductance of a solution of an organic substance 
is frequently directly proportional to the amount 
of ash that the organic substant'e leaves when 
burned. Thus, the ash of such compounds may be 
determined from a single conductance measure- 
ment. 

In addition to the more classical methods of mak- 
ing conductance measurements, it is possible to 
obtain good results in titrations by using small 
constant direct currents applied between two elec- 
trodes and then observing the IR drop with a vac- 
uum-tube voltmeter between two additional elec- 
trodes. Also, high-frequency titration techniques 
havb been introduced since World War II. With this 
technique, two electrodes are mounted on the out- 
side of the beaker or vessel and an alternating cur- 
rent source in the megacycle range is used. Even 
though capacitance terms as well as ordinary con- 
ductance are measured with such circuits, it is pos- 
sible to utilize such measurements to follow the 


course of a titration. This technique is attraolive 
because the electrodes are outside of the solution, 
and it is particularly applicable to measurements 
that are to be made on a continuously flowing 
liquid. Because the response of such equipment is 
extremely sensitive to changes in dielectric con- 
stant, a very practical application is the deter- 
mination of small amounts of water in organic 
substances. See Electrolytic conductance; Ti- 
tration. [C.E.B.] 

Titration, potentiometric 

A titration the course of which is followed by meas- 
uring the potential of a suitable electrode. Because 
the potential of a single electrode cannot be meas- 
ured, a second electrode whose potential remains 
constant is used as a reference and the emf of the 
resulting galvanic cell is measured. This emf is 
usually measured by means of a potentiometer or a 
vacuum-tube voltmeter. The term potentiometric 
should be reserved for those measurements where 
no current is drawn from, or putUnto, the electrode 
system except momentarily while balancing the 
potentiometer to read the emf or except for the 
minute current required to operate the vacuum-tube 
voltmeter. 

Potentiometric indication of end points may be 
applied to any type of titration provided an elec- 
trode can be found that responds directly or in- 
directly to changes in concentration of one of the 
reactants. The response of an electrode in volts at 
25®C is determined from the Nernst equation and is 
(0.059 //I ) lug Uion for reactions that involve com- 
binations of ions, as in neutralization, precipitation^ 
and complex- formation. A response of 


0.059 

n 


log 


j(^ox) 

(flrod) 


P 
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is obtained for oxidation-reduction reactions where 
n is the number of electrons exchanged per mole- 
cule or ion, a is the a<-tivity (or effective concentra- 
tion) ol the reactant, and p represents the coeffi- 
cients in the partial reaction: 


pOx -h ne pRed 


for a soluble oxidation-reduction couple. 

The potential of a piece of platinum wire or foil 
immersed in the solution may be used to follow the 
titration of many oxidation-reduction titrations. 
This potential is actually determined from the emf 
of the cell composed of the platinum electrode and 
a reference electrode, such as a saturated calomel 
electrode. Because the potential of the reference 
electrode remains constant, any change in the plat- 
inum electrode is reflected in the emf measurement. 
A potentiometric titration curve, which is a plot of 
the measured emf against the volume of titrant 
added, is shown in the illustration. The equivalence 
point occurs at, or close to, the volume correspond- 
ing to the inflection point in the steep portion of 
the curve or where A(emf)/A(ml) is a maximum 
or where (emf) /A (ml) * changes sign and passes 
through zero. 




End-point detection in potentiometric titration. 

With u Miitahle indicator electrode and a refer- 
ence electrode, each potential measurement indi- 
cates the activity of a chemical entity, provided 
liquid-junction potentials are either eliminated oi 
handled hy appropriate corrections. Such measure- 
ments may be used to give information concerning 
the activity of a single kind of ion, provided the 
indicating eleitrode responds directly or indirectly 
only to this single ion Therefore, ])otentiometri( 
measurements find wide application, not only in 
following titrations, hut also in the direct measure- 
ment of the actual activity of certain chemical 
species in solution. 

Probably the widest application of potentio- 
meti i( measurements is found in measuring hvdro- 
gen-ion concentration by means of pH meters. 
Most readings with a pH meter involve changes in 
potential of a glass electrode which responds es- 
sentially only to hydrogen ions. These measure- 
ments can be used to follow the course of aciu base 
titrations or merely to determine the hydrogen-ion 
concentration in a solution. The response of a pH 
meter cannot be used directly to determine the 
hydrogen-ion concentration in a solution unless the 
glass electrode has been calibrated with a solution 
of known hydrogen-ion concentration, 

Potentiometric measurements are, in general, 
capable of high precision. Potentiometric titrations 
have the additional advantages that they are ap- 
plicable in colored solutions; they enable one to 
determine a succession of end points, and the end 
points can be interpolated from measurements be- 
fore and after these points. See Electrodk poten- 
tial; Electromotive force (cells); Hydrogen 
ion; Oxidation-reduction; Titration. [c.e.b.] 

Toad 

Any member of the amphibian family Bufonidae 
in the order Salientia (or Anura) . This family is al- 
most world-wide in distribution, excepting only the 
colder climates and Australia, Madagascar, New 
Guinea, and Polynesia. There are 5 genera, with the 


genus Bufo hy {«r the largest, oousistlng ot riKu&t 
250 species, 16 of which occur in the United States, 
This genus has the same range as the family Bu** 
fonidae. 

Toads arc relatively short-legged, dry-skinned 
animals. The upper surface is covered with warty 
outgrowths supplied with glands which produce an 
irritating mucus poisonous to many animals. This 
Irritant provides the toads with considerable pro- 
tection, and they arc eaten by only a few predators. 
The mild irritant from these glands is apparently 
the origin of the superstition that handling toads 
will cause warts on one’s hands. Large paired pa- 
rotid glands, one located behind each eye, are 
prominent surface features. 

Toads differ from frogs in remaining near water 
only during the breeding season. Large numbers of 
toads occur in desert regions. They are further 
evolved toward freedom from the water by a short- 
ened tadpole -‘tage lasting only from 2 to ft weeks, 
in contrast to the 1-3 years required for frogs. 



The common food, Bufo americanus; length mole to 
BYj In. (From E, L. Palmer, Fie/dbook of Natural History, 
McGraw-Hill, 1949) 

Toads are nocturnal, coming out of hiding at 
night to feed upon insects, worms, and other in- 
vertebrates. They are considered highly h<|neficial 
animals because of their feeding habits. 

Toad eggs are produced in long, gelatinous 
stiings. The American toad, Bufo americanus^ lays 
about 15,000 eggs each spring. Fertilization is ex- 
ternal. 

Toads hibernate during the winter by burrowing 
into the soil. The American toad sometimes digs to 
a depth of 3 ft. 

The spadefoot toads, represented in the United 
States by six species and belonging to the family 
Pelobat^ae, are nocturnal burrowing toads with 
thin, relatively smooth skins and vertical pupils. 
See Amphibia. fj.D.B.] 

Tobacco 

The plant genus Nicotiana, certain species in the 
genus, and dried leaves of these plants are all 
^called tobacco. Most often tobacco means a leaf 
jproduct containing 1-3% of the alkaloid nicotine 
which produces a narcotic effect when smoked, 
chewed, or snuffed. The plant Nicatiana 
provides tobacco in parts of Europe, hut the tobacco'' 



of world eoanrUBieree is NicotUtna tabacum (Fig. 1). 

Tobacco American in origin. Columbus found 
West Indians smoking it in a hollow forked stick. 
Historians do not know who first brought tobacco 
to Europe^ but most of them credit Jean Nicot in 
1561. Niootiana and nicotine bear his name. 

ChwiGtoristtca. This solanaceous annual, found 
only in cultivation, probably began as an amphi- 
diploid or fertile hybrid between two species of 
Nicotiana native to Bolivia (see Genetics). It has 
24 chromosome pairs, an erect, thick stem 2 9 ft 
high, and alternate, sessile, oval, or lanceolate 
leaves. The flowers are produced in a panicle (see 
Inflorescence). They have a tubular corolla 3.5- 
S.S cm long widening midway to a throat and ending 
in a five-pointed flare (see Tubifloralks). There 
are five anthers which shed sticky pollen just a<« the 
flower opens. Most flowers are sel (-pollinated. The 
fruit is a two-section capsule with minute seeds 
(about 15,(K)0 in a gram) . 

Cultivation, harvesting, and curing. Tobacco 
generally does best on light, well drained, and ( are- 
fully fertilized soils that are clean-cultivated, that 
is, free of undergrowth, and receive moisture 
weekly. Harvest proceeds by cutting the whole 
stalk (stalk-cut) or picking leaves successively as 
they ripen (primed). Primed leaves are supported 
on strings, wires, or sticks. Drying is done with 
natural or artificial heat. This is called curing. 
Drying time (^^6 weeks) and temperature ( 70 - 
170®F) influence the amount and kind of changes 
that occur in proteins, carbohydrates, organic acids, 
alkaloids, and enzymes in the leaf. Before use in 
cigars, cigarettes, pipes, chewing tobacco, or snuff, 
cured leaves are fermented by storing them 6 weeks 
to 2 years at about 15% moisture and 80 llO^F 
The methods used for harvesting, curing, and fer- 
menting depend on the type of tobacco, intended 
use, and local custom. 



Fig. 1. Nicotiana tabacum, Connecticut cigar wrap- 
per type (Connecticut Agriculture Experiment Station) 


Economic importance. Tobacco is economically 
important in 66 countries and is grown to some 
extent in all but a few countries In the United^ 
States, the average annual farm value of tobac t o 
from 194.5-1954 was $1,025,789,508 Data on jiro- 
duction and farm value for United States tobacco 
types in 1956 arc shown in the table. See Agrkiji- 

TITR\L sc II N( F (pLAM). [ C.S.1 ] 


Ma|or United States tobacco types and 1956 production 


Type 

Where grown 

Typo of cure 

Use 

1956 Production and 

faim v<ilu( 

1000 «H> 

\( res 

$1000 

Flue-i ured 
(bright) 

\ irgiiiius, Caroliims, 
Cieorgiu - Florida 
border 

Picked leaves 
lieat-( ured to 
bright yellow 

(]igaiettes 

1,122,538 

875,200 

732,607 

Burley 

'rennessee, Kentuc*ky 

Whole plant 
air-dried in 
ventilated 
sheds 

Pijie and 
cigarette 
blends 

506,395 

309,800 

321,560 

Cigar filler 

Pennsylvania, parts 
of Ohio and New 

York 

Same as above 

Central bulk 
of cigars 

57,600 

34,000 

13,708 

CiRar 

hinder 

Connecticut River 
Valley, Wisconsin 

Same as above 

Binding cen- 
tral bulk 
into cigar 
shape 

33,970 

19,100 

13,044 

Cigar 

wrapper 

Under cheesecloth 
cover in Connecti<*ut 
River Valley and 
Georgia-Florida 
border 

Picked leaves 
heat- and air- 
dried to a 
golden brown 

Outer leaf 
or wrapper 
of cigar 

17,162 

13,300 

33,809 




TobftpCO diMaSM. This term is used to designate 
a variety of abnormalities of the tobacco plant that 
adversely affect its value. Diseases result from both 
organic and inorganic causes. 

W eather^ Excessive cold causes chlorosis, or loss 
of chlorophyll, in seedling leaves (see Chloro- 
phyll; Photosynthesis). High temperature and 
brilliant light cause breakdown of chlorophyll in 
lower leaves. Beating rain bruises the upturned 
undersides of leaves. Hail tears the leaves and 
bruises the stems. 

Nutritional disturbances, A soil acidity of about 
pH 4 releases manganese in concentrations toxic 
to leaves. Mineral deficiencies cause many pro- 
nounced abnormalities For example, a deficiency 
of potassium results in bronzing and necrosis 
(death of tissue) of the leaf edges. A deficiency of 
nitrogen is evidenced by slow growth and chlorosis 
of the lower leaves, of phosphorus, bv slow growth 
and late maturity; of boron, by necrosis of the 
growing point; of calcium, by irregularly shaped 
leaves. Frenching, or the crinkling or rolling of 
leaves, is associated with a bacterial toxin and an 
unbalance of amino acids (Fig 2) See Plant, 

MINLRAIS FSSFN1IAL TO 



Fig 2 Frenching, a physiological disease of tooacco 


Raitena Slime disease, PAendomonns {Bacillus) 
solanaf earum, is widespread in tropical and •sub- 
tropical areas Bacteria multiply in the vascular 
(water- and food-conducting) tissues, thus killing 
the plant. Wildfire, Pseudomonas tabari (Bartenum 
tabacum)^ is a leaf disease (Fig 3) Entrance is 
through stomata into water-congested tissue where 
a colony develops Black leg and hollow stalk, 
Erwinia (Bacillus) aroideae, are soft stem rot of 
seedling and pith rot of matuie plants, respectively. 
Bacterial black stalk is caused by an unidentified 
organism. See Bacteria; Enierobacteriaceae; 

PSFUDOMONADACEAE. 

Fungi Black root rot, Thielaviopsis basicola, 
and black shank, Phytophthora parasitica var. nico- 
tianae, are destructive root diseases of cool and 
warm areas, respectively (Fig. 4). Blue mold, 
Peroncspora tabacina^ is a leaf disease destructive 
to tobacco seedlings in the southeastern United 



Fig. 3. Wildfire, a bacterial disease of tobacco. 



Fig 4 Black root rot of tobacco, (a) A susceptible 
plant (b) A resistant plant Both plants were grown 
in soil infested with the black root rot fungus. 
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States and Australia. Powdery mildew, Erisyphe 
cichoracearumf is destructive in most tobacco-grow- 
ing areas except the United Stales. Fusarium yel- 
lows and other minor leaf and root diseases are 
caused by fungi. See FtJNCt. 

Viruses, Viruses attacking tohac(‘o are mosaic 
(Fig. 5), etch, ring-spot, cucumber mosaic, vein- 
banding or potato Y, leaf curl, spotted wilt, curly 
dwarf, clubroot, streak, rattle, yellow dwarf, big 
bud, and others. Mosaic is spread by man and 
tools: the others are probably spiead b> insects. 
All have wide host ranges and are usually found in 
native vegetation. ,SVe Plant vikus. 

Nematodes, Several genera of nematodes live 
either internally in root knots or lesions or feed 
externally on the tender roots. Root damage is ex- 
tensive in sandy soils. See Nkmatoua. 

Parasitic plants, Rroomrape (Orobanche sp. } 
and witch weed (S/rigo sp, I are parasitic on to- 
bacco roots, whereas dodder (Cusruta ^p. ) attacks 
seedlings and sometimes field plants. 

Humidity during curing. Air-cured tobaccos are 
damaged by exposure to an average relative humid- 
ity much above 65 See HirMion y. 

Disease control by breeding. Resistaiu e to mo- 
saic, black shank, powdery mildew, wildfire, blue 
mold, and black root rot have been transfeircd 
from wild species to cultivated tobacco. Resistance 
to slime disease ha.s been found in N, taht/rum and 
introduced into flue-cured toba< co. See Pf.ani ois- 
lase; Plan'I disease control. | w.d.v | 

Toggle 

Two joined linkages with the lai end of one pivoted 
about a fixed point and the far end f)t the other 
sliding along a line (see illustiatiim ). A toggle 
joint is used as a snap-action merhanism in elec- 



line of action of t to pivot 
t is perpendicular distance from 
axis of sliding linkage to pivot 


Basic toggle mechanism and its characteristic equa- 
tion. 

trie switches, the pivoted linkage being extended 
beyond the pivot to serve as an actuating handle. 
In a toggle joint, a small force at the junction of 
the two linkages prodiu'es a much larger force at 
the slider; therefore, the mechanism is used in 
presses and crushers. See Linkage, mechanical. 

fF.H.R.l 


Tolerance 

Amount of variation permitted or “tolerated” in 
the size of a machine part. Manufacturing variable.s 
make it impossible to produce a part of exact di- 
mensions; hence the designer must be satisfied with 
manufactured parts that are between a maximum 
size and a minimum size. Tolerance is the differ- 
ence between inaxiniiim and minimum limits of a 
basic dimension. For instance in a shaft and hole 
fit, when the hole is a minimum size and the shaft 
is a maximum, the clearance will be the smallest, 
and when the hole is the maximum size and the 
shaft the minimum, the clearance will be the larg- 
est (.sec drawing). 



size for basic dimension 

size with tolerance 

I basic diameter of shaft 

/{ =r basic diameter of hole 

fi f - allowance 

/r 4' r- maximum clearance 

/ - J' - tolerance on shaft 
P ft' = tolerance on hole 

Shaft and hole dimensions. 


If the initial dimension placed on the drawing 
leprcscnt*^ the size of the part that would be used 
if it could be made exaetiv l(» size, then a eonsid- 
eration of the o|ierating conditions of the pair of 
tnating surfaces shows that a vaiiation in one diiec 
tion from the ideal would he more dangerous than 
a variation in the opposite direction. The dimen- 
sional tolerance should he in the less dangerous di- 
leclion. This method of stating tolerance is called 
unilateral tolerance and has largely displaced bi- 
lateral tole/anc-e. in which variations are given 
from a basic line in plus and minus values. 

As an examtde, for a l^L'-in. shaft and hole for 
a free fit the standard allowance is 0.002 in., and 
the tolerance for hole and shaft is 0.001 in. 

Maximum shaft diameter = nominal size — allowance 
« 1.500- 0.002 » 1.408 in. 

In the unilateral method for stating tolerance, the 
shaft diameter is l.WHto'Jloi, or between 1.498 and 
1.197 in. The diameter of the hole is 1 .SOOio'ooo- f*’* 
between and 1..50I in. The maximum clearance 



is 1.501 minus 1.497, or 0.004 in., and minimum 
clearance is 0.002 in. [p.h.b.] 

Bibliography: E. Buckingham, Production En- 
gineering, 1942; E. Oberg and F. D. Jones, Machin- 
ery's Handbook^ 15th ed., 1954. 

Toluene 

A colorless, aromatic hydrocarbon, also called 
methylbenzene, which boils at 110.6^0 and freezes 


CHa 



at — 95.0°C. Most of the toluene sold in the United 
States is produced by the action of c atalysts on pe- 
troleum hydrocarbons. 

The nucleus of toluene, like that of benzene, un- 
dergoes substitution leactions. Substitution occurs 
almost exclusively in the ortho (2) and para (4) 
positions. 

The hydrogen atoms of the — CIU group ma> be 
replaced by halogen at high temperatures in the 
presence of ultraviolet light. 

Toluene is an important ingredient in high-octane 
gasoline and diisocyanate resins, a solvent for 
gums and lacquers, and an intermediate in the 
manufacture of TNT, benzaldehvde, and benzoic 
acid. 

Prolonged breathing of air umtaining toluene 
vapor in com entrations greater than 200 parts per 
million may be injuiious to health. See Aromatic 
hyurcxarbon; Bfn/inf. [f.K.n.l 

Toluidine 

One of three organic isomeric chemical com- 
pounds, CH^C/,H|NH 2 , that are homologs of ani- 
line, with <heniical propeitics ver> similar to those 
of aniline. The ortho derivative boils at 202°C, the 
meta at 45 ‘'C; and the para melts at 45°C. Nitra- 
tion of toluene yields all three nitrololueri* (meta 
in small amount), and subsequent reduction of the 
separated isomers with iron and water in the pres- 
ence of acid gives the corresponding amines (to- 
luidines). The toluidines are weak bases of about 
the same strength as aniline. All are used to make 
azo dyes and rubber antioxidants. See Amine; An- 
iMNF ; Nitrobenzene. [l.b.(.1 

Tomato 

Species of the genus Lycopersiron, especially L. es- 
culentum^ a widely cultivated vegetable grown for 
its edible fruit. The genus probably originated in 
the Peru-Ecuador area of South America. Among 
the many names commonly used for this plant are 
poma d^ora and lovcapple. The tomato, domesti- 
cated in Mexico before the discovery of America, 
was brought to Europe early in the period of the 
Spanish conquest. However, it was not until the 
eighteenth century that the tomato became gen- 
erally used for food. The United States tomato in- 
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dustry became firmly established during tlie latter 
half of the nineteenth century. 

ClaBsification and structure. The genus Lyco- 
persicon belongs to the plant family Solanaceae, as 
do the potato, eggplant, pepper, and nightshade. 
The genus is divided into two subgenera- the red- 
fruited Eulycopersicon, including L. esculent urn, 
L. pimpinellifolium^ and L. cheesemanii, and the 
gieen-fruited Eriopersicon, including L. perutm- 
num, L, pissisU L. chile nse^ L. hirsutum^ and 
glandulosum. L, esculentum has been successfully 
hybridized wiih Solanum pennellii and S. lycoper- 
sicoides, non-tuber-forming species distantly re- 
lated to the potato. 

The haploid chromosome number of the tomato 
species is 12. The species are closely related as 
to morphology and cytology, and nearly all inter- 



Tomoto, Lycopersicon esculentum. (From E. L Palmer, 
Fieldbook of Natural History, McGraw-Hill, 1949) 

specific crosses have been achieved wi»h sufficient 
fertility to permit experimental studies ( 5 ce 
Cyioior.Y, Plani anatomy). Noimallv a peren- 
nial, the tomato is grown as an annual in tem- 
perate regions. 

The growth habit varies from a spreading vine to 
a semieiect or erect plant. Adventitious roots de- 
velop readilv from the stem The leaves are odd- 
pinnate, and the arrangement is usually alternate 
with a 2/5 phvllotaxy. The inflorescence is a ra- 
ceme of 4 12 flowers (.see Ini i oRKsr encf ) . The 
flower*- are yellow, perfect, and hypogynous. The 
five stamen* with short filaments are united later- 
illy to form a hollow cone around the pistil. The 
pistil, consisting of two to several carpels, extends 
through the anther cone. 

The fruits are red, pink, orange, yellow, white, 
or green, with fleshy placentas containing many 
small, oval seeds with short hairs and covered with 
a gelatinous matrix. The tomato is mostly self- 
pollinated, although various ecological conditions 
may result in a considerable amount of cross- 
pollination. See Reproduction, plant; Seed 
(botany). 



M6 Ton of rof rigofotion 

Distribution and economic importance. The 

tomato is oultivated in all parts of the world. In 
northern Europe, tomatoes are grown exclusively 
under glass. The leading countries in terras of 
acreage are the United States, Italy, Mexico, 
Egypt, and Braril. The United States acreage ac- 
counts for approximately one-third of the world 
production, and in 1960 the farm value was $431,- 
902,000. The tomato industry ran be divided into 
greenhouse, fresh-market, and canning. In 1960 
California, Florida, and Texas were the leading 
fresh-market slates and California, Indiana, and 
Ohio the leading canning states. An intensive 
greenhouse industry is near Cleveland, Ohio. 

In climatic tolerance the tomato is one of the 
most versatile of cultivated plants. Although sus- 
ceptible to frost, it is grown successfully from the 
Equator to latitudes as far north as Fort Norman, 
Canada (65^N). For optimum growth, the tomato 
usually requires average night temperatures of 
59-63° F, average day temperatures of 6.5 -7.5" F, 
and a 120-day growing season. A well-drained 
loam or clay loam soil with a pH of 6 is recom- 
mended. The usual method of planting is with 
transplants, although the recent trend is toward 
direct seeding. 

Harvesting. In 1960, a mechanical tomato har- 
vester was developed for harvesting canning toma- 
toes. Prior attempts at mechanization were hin- 
dered by the large mass of vine typical of most 
varieties. In 1959, a dwarf tomato variety. Epoch, 
developed by Purdue University, renewed interest 
in mechanization. The erect, stubby dwarf plant 
allows easier separation of vine and fruit and a 
once-over harvest because of a more concentrated 
ripening. With this variety 70 90% of the fruit 
ripens at one time. The harvester cuts the vines at 
ground level, elevates the vines and fruit to a 
shaker bed which separates the fruit from the 
vines. The fruit are then conveyed to containers 
for transporting to the canning plant. Bv 1962, a 
sizable peicentage of the canning-tomato acreage 
will be harvested mechanically. 

Culinary and biological uses. The popularity 
of the tomato is largely due to its great variety of 
culinary uses, raw or cooked. It is a good source 
of ascorbic acid (28 mg ^100 g of fruit). Some 
varieties have a low pH (4.20 1.35) and are rela- 
tively easy to process. There is no relation, as is 
commonly believed, between pH and fruit color. 
Tomatoes are canned whole and as juice, puree, 
same, catsup, and paste. Certain genetic strains 
have been shown to be high in jS-carotene (44.2 
mg/g fresh weight), the precursor of vitamin A. 
A single fruit of the variety Caro-Red provides 
lli>-2 times the recommended daily vitamin A 
allowance for an adult. 

The tomato ha.s become a favorite test plant for 
a wide range of biological investigations because 
of its ease of propagation by seed and by cuttings 
and its adaptability to a wide range of environ- 
mental conditions. It has been used extensively for 
plant physiological studies of the control of flower- 
ing and abscission and of plant nutrition, among 


others {see Plant physiology). The tomato is 
subject to many pests, including fungi, bacteria, 
viruses, nematodes, and insects {see Bacteria; 
Fungi; Insecta; Nematoda; Plant virus). It 
has been used extensively in plant disease research 
{see Plant disease control). The genetics and 
cytology of the tomato have also undergone much 
study. Next to corn, it is probably one of the most 
extensively investigated plants. See Agricultural 
SCIENCE (plant) ; Food mantji acturing. [ n.k.e.] 

Ton of refrigeration 

A rate of cooling that is equivalent to the removal 
of 200 Btu of heat per min, 12,000 Btu/hour, or 
288,000 Btu/day. This unit of measure stems from 
the original use of ice for refrigeration. One pound 
of ice, in melting at 32° F, absorbs as latent heat 
approximately 144 Btu/lb, and one ton (2000 lb) 
of ice in melting in 24 hours absorbs 288,000 
Btu/day. In Europe, where the metric system is 
used, the equivalent cooling unit is the frigorie, 
which is a kilogram calorie, or 3.96 Btu. Thus 3000 
frigories/hour is approximately one ton of refrig- 
eration. A standard ton of refrigeration is one de- 
veloped at standard rating conditions of .5°F evap- 
orator and 86°F condenser temperatures, with 9"F 
liquid siibrooling and 9°F suction superheat. See 
KEfRlGERAllON. [ll.M.HE.J 

Tonalite 

A phancritic (visibly crystalline) plutonic rock 
composed chiefly of plagioclase (oligoclase or an- 
desine) and quart/ with subordinate dark-colored 
(mafic) minerals (biotite, amphibole, or pyrox- 
ene). The term tonalite is roughly equivalent toP 
((uart/ diorite. Minoi amounts of alkali feldspar 
may be piesent, but if this mineral exceeds .5*"^ of 
the total feldspar, the rock is a granodiorite. As the 
quartz content decreases, quartz diorite passes into 
diorite. Tonalite, or quartz diorite, is roughly inter- 
mediate between granodiorite and diorite. See Di- 
orite. Ir.A.CA. 1 

Tone (music and acoustics) 

A sound oscillation capable of exciting an auditory 
sensation having pitch; also, the sensation itself; 
that is, the word tone is used for both cause and 
effect. There is not necessarily a complete corre- 
spondence between the two; which of the two 
meanings is intended must be made clear by addi- 
tional modifieis, context, or units of measurement. 
For example, if a tone is described as having pitch, 
it is to be understood that the sound sensation is 
meant, whereas a tone that has frequency must be a 
physical oscillation. See Oscillation ; Pitch. 

The word note is often used as a synonym for 
tone, either as the sensation or the oscillation 
causing the sensation, even though a note is pri- 
marily a symbol to indicate the pitch and duration 
of a tone sensation. Thus, note serves when no dis- 
tinction is de.sired among the symbol, the sensation, 
and the physical stimulus. 

Tone is also an interval in music such as between 
the first and second notes of an ordinary major 



scale; the ratio of the two frequencies forming the 
interval is approximately the sixth root of two. This 
interval is called a step, or whole step ; an interval 
half the size is the semitone or half-step, the ratio 
in this case being approximately the twelfth root 
of two. See Musical acoustics. [r.w.y.] 

Tongue 

An organ located in the floor of the mouth. In 
higher vertebrates the tongue is mobile because of 
contained muscle; fishes have a so-called tongue 
that is merely an elevation on the floor of the mouth, 
lacking muscle. Amphibians vary from the absence 
of a tongue or one similar to a fishlike condition to 
a movable glandular tongue that contains muscle. 
In the latter instance the mobile anterior portion 
can be flipped outward with great rapidity to catch 
insects on its sticky covering. Turtles and croco- 
dilians lack a protrusible tongue, but snakes and 
lizards have a highly protractile tongue which is 
usually forked. The tongue of birds, usually covered 
with a horny substance and sometimes bearing 
barbs, is practically lacking in intrinsic muscles. 
Woodpeckers are able to extend the tongue re- 
markably, but this is because the hyoid bone moves 
forward and pushes the tongue before it. The 
tongue reaches its highest development in mammals 
where it is specialized in form and function. Of 
the mammals, only whales lack a movable tongue 
with well-developed intrinsic muscles. The greatest 
mobility exists in the anteaters. The basal region 
of the mammalian tongue is probably like that of 
reptiles and birds; the fleshy superstructure is a 
new feature. 
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The tongue, dorsal view. {From M. W. Woerdeman, 
Atlas of Human Anatomy, voL 2, Blakiston Division, 
McGraw-Hill, 1950) 

Mammalian tongue. The mammalian tongue is 
divided into two parts by a V-shaped groove, the 
terminal sulcus. At the apex of this V is a small 
blind pit, the foramen caecum. It marks the point 
where the thyroid gland arose as a bud and later 
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separated. The larger part, or body, of the tongue 
belongs to the floor of the mouth, whereas the re- 
mainder, or root, forms the front wall of the oral 
pharynx. The body of the tongue is separated from 
the teeth and gums by a deep groove. A midline 
fold, the frenulum, is near the tip on the under sur- 
face. The upper surface of the body, called the 
dorsum, has a velvety appearance because it is 
thickly studded with rows of tiny, tapering filiform 
papillae. Distributed among these are occasional 
larger, rounded fungiform papillae and some large 
conical papillae. Immediately in front of the groove 
separating the body of the tongue from the root is 
a series of still larger vallate papillae arranged in 
a V-shaped row. The apex of the V points down the 
throat. Posteriorly along each side of the body of 
the tongue and near the root, is a series of parallel 
folds constituting the foliate papillae. The surface 
of the root of the tongue, which belongs to the 
pharynx, is devoid of papillae hut bears warty 
nodules containing lymphoid tissue. 

Anatomically the mammalian tongue is a mass of 
skeletal musf*le largely contained within a covering 
sheet of mucous membrane. The surface epithelium 
is of the stratified squamous type. It is cornified in 
some mammals but not in man. Filiform papillae 
contain a core of connective tissue subdivided so 
that the whole papilla resembles a cat-o’-nine-tails. 
They are best developed in the cal family where 
they convert the tongue into a rasping organ. 
Fungiform papillae are more prominent elevations, 
with a knobbed top somewhat like a button mush- 
room. Some bear a few taste buds. Conical papillae 
are lonsideied to be a modified fungiform type. 
Vallate papillae number 7-11 in man. They have a 
flat top, 1-3 mm in diameter, and do not extend 
much above the lingual surface. Each is encircled 
by a relatively deep trench. The side surface of a 
human vallate papilla contains some 200 taste buds, 
wherea<i the opposite wall, across the trench, bears 
about one-fourth as many. These numbers are quite 
variable, however, and many buds disappear with 
age Foliate papillae are well represented in ro- 
dents. Human infants have 4 8 of these prominent 
folds on each side of the tongue which bear numer- 
ous taste buds ; this scries of folds becomes regres- 
sive in adult man. 

Taste buds. Taste buds are quite similar in all 
vertebrates. Each is an ovoid specialization paler 
than the surrounding stratified squamous epithe- 
lium; they occupy practically the full thickness of 
that covering layer. The shape is somewhat like a 
barrel, but the top usually narrows. Two cell types 
are recognizable within the taste bud. The taste 
cells are slender, spindle-shaped elements whose 
free end terminates in a short, stiff taste hair. These 
hairs extend into the taste canal, hollowed out from 
the more superficial layers of the epithelium, and 
continue to the external taste pore. The supporting 
cells of the taste bud are mostly at the periphery, 
something like thick barrel staves. Nerve fibers for 
the mediation of taste end about both kinds of cells. 

The mucous membrane that covers the root of 
the tongue differs from that of the body of the 
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longue and it is characterized by much lymphoid 
tissue. The bumpy appearance of the surface is 
caused by many epithelial pits (35-100 in man) 
about which lymphocytes mass to produce a mound ; 
some of these are several millimeters in diameter. 
The aggregate of these units comprises what is 
known as the lingual tonsil. 

Ungual glands. Lingual glands lie deep in the 
mucous membrane of the tongue and encroach on 
the muscle beneath. Mixed muco-serous glands oc- 
cur under the apex of the tongue. Purely serous 
glands of Von Ebner are restricted to the region of 
the vallate and foliate papillae and many discharge 
on the surface of the tongue. Other glandular ducts 
open into the trench of each vallate papilla. The 
root of the tongue contains pure mucous glands, 
many of which open on the surface but some of 
which have ducts discharging into the pits of the 
lingual tonsil. 

Muscle. The mass of muscle that comprises al- 
most all of the tongue is halved incompletely by a 
median lingual septum of fibrous tissue. Its c oursc 
is indicated on the surface of the tongue by a longi- 
tudinal median sulcus. The voluntary muscle fibers 
belong to two groups; intrinsic fibers lie wholly 
within the limits of the tongue, extrinsic fibers 
enter from without and also serve to anchor the 
tongue. The muscle fibers are arranged in definite 
bundles that interlace at right angles Some bundles 
are longitudinal in direction ; others pass vertically 
and still others run horizontally. 

Function. The mammalian tongue performs a va- 
riety of functions. In ruminants it is prehensile and 
thus is important in browsing Some mammals use 
the tongue to lap up liquids. In general, it is of 
use in directing food to the teeth and yiharynx, aid- 
ing chewing and swallowing. The dog, lacking 
sweat glands, cools itself by panting, which draws 
air over the tongue. The tongue is the most impor- 
tant agent in articulate speech. The sense of taste 
resides in the taste buds, whose cells respond to 
substances in solution. 

Dcvelopnient. The body of the mammalian 
tongue develops from a pair of swellings on the 
first branchial arches that also become the lower 
jaw. The line of union of these primordial com- 
ponents is marked bv the median sulcus. \ median 
mass, the tuberculum impar, between the first and 
second arches becomes compressed and contributes 
little, except the septum, to the body of the tongue. 
The root of the tongue arises < hiefly from the union 
of the ventral ends of the second pair of branchial 
arches, but the third and fourth arches apparently 
contribute as well. The junction of body and root 
is indicated by the permanent terminal sulcus. The 
muscular component of the tongue is related his- 
torically to tissue that lay at the base of the head 
and migrated into the tongue, carrying with it the 
hypoglossal, or twelfth, cranial nerves. [l.b.a.] 

Tonsil 

Localized aggregation of diffuse and nodular lym- 
phoid tissue found in the region where the nasal 
and oral cavities open into the pharynx. The lym- 
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Fig. 1. Dissection showing nasal cavity above, oral 
cavity below, pharynx right. (From J, Sobofta, J. P. 
McMumch, ed.. Atlas of Human Anatomy, voL 2, 3d 
rev. English ed , Haffner, 1933) 



Fig. 2 \a) Vertical section of child's palatine tonsil, 

photomicrograph, ib) Higher magnification of o. 


phoid tissue consists of small, closely packed round 
( ells called lymphocytes supported in a specialized 
connective tissue framework called reticular tissue. 
When lymphocyte production is active, rounded, 
more densely packed clusters or nodules of these 
cells appear in the diffuse lymphoid tissue. The 
most active nodules possess lighter staining centers 
composed of somewhat larger, less densely packed 
lymphocytes showing evidence of cell division. Such 
areas are called germinal centers. In the tonsillar 
regions, the lymphoid tissue lies just beneath the 
lining epithelium. The tonsils are important sources 
of blood lymphocytes. They often become inflamed 
and enlarged, necessitating surgical removal. 
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^ PdlatiM tonsil. The two palatine (faucial) ton- 
sils are almond-shaped bodies measuring 1 X 0.5 
in. and are embedded between folds of tissue con- 
necting the pharynx and posterior part of the 
tongue with the soft palate (Fig. 1). These are 
the structures commonly known as the tonsils. The 
openings of 10 to 20 pits (crypts) which extend 
deep into the organ may be seen on the surface. 
The stratified squamous epithelium of this region 
covers the surface of the tonsil and lines the crypts 
(Fig. 2). A fibrous capsule separates the tonsil 
from the underlying muscle. Extensions from the 
capsule form supporting septa within the tonsil. 
Lymphoid tissue occupies all interstices between 
the capsule, septa, and epithelium. Crypts fre- 
quently become filled with detached epithelial 
cells, living and dead lymphocytes, and exuding 
fluids. Such seque*>tered masses form an excellent 
culture medium for the growth of certain bacteria 
and fungi. The protective quality of the crypt 
epithelium may be weakened by the passage of 
large numbers of lymphocytes through it. 

Lingual tonsil. The lingual tonsil occupies the 
posterior part of the tongue surface. It is really a 
collection of 35-100 separate tonsillar units, each 
having a single crypt surrounded by lymphoid tis- 
sue. Each tonsil forms a smooth swelling 2-4 mm 
in diameter. Since gland ducts open into these 
crypts, the tontents are flushed out, and lingual 
tonsils rarely cause trouble. The epithelium is 
again stratified squamous, and a thin capsule is 
present around each unit. 

Pharyngeal tonsil. The pharyngeal tonsil (< ailed 
adenoids when enlarged) occupies the roof of the 



Fig. 3. Photograph of the roof of the nasal pharynx 
of a new-born baby showing the pharyngeal tonsillar 
folds. 



Fig. 4. Section across the pharyngeal tonsil folds of 
a child, photomicrograph. 


nasal part of the pharynx and is covered with 
pseudostratified ciliated columnar epithelium. 
The organ consists of a series of radiating folds 
leading forward from the region where the roof of 
the nasal pharynx joins the posterior pharyngeal 
wall (Fig. 3) . When cut at right angles to the folds, 
the intervening spaces resemble crypts. Septa are 
found in the folds, but a distinct capsule is lacking. 
Lymphoid tissue and lymphocytic invasion of the 
epithelium are similar to those of the other tonsils 
(Fig. 4). This tonsil may enlarge to block the nasal 
passage, forcing mouth breathing. 

Function. All tonsils produce lymphocytes which 
are added to the circulating blood via the plexus of 
lymph capillaries which surrounds the lymphoid 
tissue. The flow of lymph is always away from the 
tonsillar sites. No other function has been firmly 
established. The three sets of tonsils along with 
lesser amounts of intervening lymphoid tissue form 
a complete ring around the upper reaches of the 
digestive and respiratory systems. Because of this 
strategic location, a protective function has been 
suggested. It is thought by some that piotection, in 
response to entering bacteria, may be afforded 
through the production of antibodies. Recent evi- 
dence has shown that plasma cells (many of which 
are present in the tonsils), lymphocytes or both are 
implicated in this process. 

Development. Lymphocytic infiltration ,for the 
palatine tonsil begins at the site of the disappear- 
ing second phciryngcdl pouc'h during the third fetal 
month The pharyngeal and lingual tonsils appear 
during the fourth and fifth fetal months respec- 
tively Tonsils reach their maximum size during 
childhood and subsequently i egress. See Hema- 
lOi’OiEsih, Lymphatic system. [t.s.] 

Tonsillitis 

An inflammation of the tonsils. The tonsils, being 
lymph tissue, readily become infected when they 
function in combating any intruding organisms to 
which they are exposed because of their location at 
the entrance to the respiratory and intestinal sys- 
tems. Their deep epithelial pouches favor the 
growth of bac'teria and the result is an inflamma- 
tion, with the swollen tonsils causing a narrowing 
of the throat with painful swallowing, or angina. 
In order to fight infection, white blood cells pene- 
trate into the pouches, where pus plugs form and 
can be seen as yellow dots at the surface of the 
organ. In some cases the epithelium which lines the 
-'If face is destroyed and superficial ulcers occur. 
In diphtheria these are extensive. The whole region 
IS covered with a grayish membrane of leucocytes, 
fibrin, destroyed tissue, and bacteria. 

The deep pouches favor the lodgment of bacteria 
and the development of chronic tonsillitis. These 
tonsils are a chronic focus of infection, where mi- 
croorganisms and their toxins can continuously 
spread into the body. They represent one cause for 
rheumatism. In children hypertrophy of the lymph- 
oid tissue leads to extreme enlargement of the ton- 
sils, which can severely occlude the entrance to 
the throat. See Phagocytosis; Tonsil. [f.we:] 
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Tooling 

Auxiliary devices used in manufacturing operations 
to supplement basic standard and special machine 
tools. Tooling is used, for example, on drill presses, 
milling machines, planers, and shapers to facilitate 
the actions of workers and to adapt the machine 
tools to the production of specific parts. 

Tooling nomenclature. The over-all category of 
tooling encompasses a broad spectrum of manufac- 
turing accessories; tooling is further subdivided 
into classifications such as jigs, fixtures, dies, 
gages, devices, gadgets, and other less universal 
designations. 

There are no universally accepted definitions for 
differentiating between these subdivisions of tool- 
ing. Nomenclature for similar tools varies from one 
indii'-try to another; it also varies between similar 
industries using similar devices. In shop practice, 
tooling subdivision nomenclature looselv follows 
the generalities of the accompanying table. 


Types of tooling 


Machine type* 

Prevailing tool 
nonienc In t lire 


Drill prcRs 

Boring mac’liiiie (hori/untal 

Drill |ig 


or vc'rtical) 

Fixture 


Milling 

Fixture 


Welding 

Jig 


\Haombly operalnmH 

Jig 


Inspect i«m operations 
Pn^HHCs (ntamping, forming, 

(Idge 


and drawing) 

rTic»8 



Common hand tools and devic es such as ham- 
mers, wrenches, pliers, screwdrivers, measuring 
s(‘ales, calipers, and standard micrometers are nor- 
tnallv excluded from the tooling c ategor> 

Standard perishable tools (consumed as a result 
of production operation) sudi as drills, i earners, 
milling cutters, and carbide tool bits aic similarlv 
excluded fiom the tooling c alegoiv 

Special perishable tools, b»r example, a special- 
size diill. step drills, foim nilteis and special tool 
holders, are normally regarded as tooling for a spe- 
cific operation and arc usually icferred to as spe- 
cial cutting tools 

Auxiliary tooling. The option of physical separa- 
tion of a machine tool and its tooling is not neces- 
sarily directly related to whether the mac bine tool 
is standard, semispeciul, or special There are 
valid reasons why all machine loc»ls to a yarving 
degree utilize removable tooling. 

It is usually less costlv and more practical to 
make the machine tool and the tooling (jigs, fix- 
tures. dies) as entities rathei than to have the same 
tooling features built directly into the hodv of the 
machine tool. For example, it may he most advan- 
tageous to make the body of the machine tool from 
cast iron; it may be more economical or mechani- 
cally necessary to make the tooling from a weld- 
ment, or the tooling device may best be a bolted 
assembly. The machining of complex details into a 
bulky machine body may be extremely awkward as 



Fig. 1. Trunion-type drill jig in a radial drill press In 
this operation the work is manually indexed so as to 
properly position the work to the drill. (American Tool 
Works) 

compared to the same detail machining (tool mak- 
ing) of a relatiycly small tooling component 

By removing one set of toeding and lepiacing it 
with anothei (usually refeiied to as set-up) the 
usefulness of a machine tool (standard, semistand 
arcl, or special I c an he extended so as to perform^ 
useful work on a variety of iiarts. Thus removable 
tooling is often an essemlial prerecpiisite for pisti 
fying procurement of, and foi improving use of, a 
machine tool. 

The use of removable tooling is a lorm of insui- 
am e against machine obsolescence due to product 
change Existing tooling can he modified or new 
tooling c'reatcd to cover unforeseen new product 
recjuirements. 

Tooling can be modified or l^e effects of damage 
or wear repairc'd while the basic mac-hine tool is 
doing other useful work without loss of piudiictiyr 
capaeitv other than the change-over interval 
Functional uses. In opeiation. most tooling 
niultaneoiislv perfoims some cHimhination of a va- 
riety of purposes; tlie following represent onlv a 
few of the many purposes for which tooling is used: 
legating, clamping, positioning, cutler guiding, and 
others. 

Locating, The locating function is accomplished 
by designing and constructing the tooling device 
so as to bring together the propei contact points 
or c ontact surfaces between the work piece and the 
tooling, and defining a direction of clamping force 
so that the work will infallibly assume the desired 
relationship to the tooling, and in turn thus have 
the desired relationship to the body of the machine 
tool and to the cutter. 


There are usually three basic locating problems: 
concentric locating, plane locating, and radial lo- 
eating. 

Specific designs may require solution of only 
one, or simultaneous solution of two or sometimes 
of all three of these locating problems. These locat- 
ing problems may he most practically understood 
by considering a simple analogy, that of locating 
a record on a phonograph luintahle. 

The hole in the record is placed down over the 
center pin of the turntable. This is known as con- 
centric locating. The center line of the record then 
coincides with the center line of the turntable. In 
this instance the record is the female member and 
the turntable pin is the male member of the con- 
centric engagement. An actual tooling device may 
be the counterpart of either the record or the 
turntable, depending upon the part to be located 
in the tool. 

The record is now properly concentrically lo- 
cated, but it may still wobble in a horizontal plane 
unless it comes home against the fa<*e of the turn 
table. This is known as plane locating. In this in- 
stance the clamp is gravity which keeps the rec- 
ord in both plane and concentric relationship to 
the table. 

A record does not lequiie radial locating; how- 
ever, su|)|)ose that the record must assume an ex- 
act radial iclationship lo the turntable, like the re- 
lationship of the winning numbei on a wheel of 
( liance to the pointer finger. The record must then 
he so rotated about the concentiic loi ating pin 
that the desired ladial position is achieved; a me- 
( hani( al arrangem(uit must he provided to hold the 
record in this t dative position. This is known as 
ladial locating. 

Kmturical procedures in the designing of a tool- 
ing device are iiseil because of the conflict be- 
tween the many factors involved. At the specific 
stage of manufactine that requires a tooling device, 



Fig. 2. Drill jig in which a hardened bushing guides 
the drill bit. After first of two in-line holes is mo- 
chinedi jig is indexed 180 degrees and slip ring bush- 
ing moved to opposite liner. (American Tool Works) 
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the work may already have different degrees of di- 
mensional variation.s; for example, it may be rough, 
semifinished, or finished. 

Work may be rough (such as castings, forgings, 
or weldments) and thus have considerable inher- 
ent dimensional variation. 

Work mav be semifinished; that is, it may be 
rough on some surfaces but accurately machined 
on others. There may be considerable variation be- 
tween the rough and finished surfaces due to chuck- 
ing variances in the previous machining operations. 

Work mav be finished all over, with negligible 
dimensional variation, or it mav have appreciable 
variations between the various finished surfaces, 
particularly if they were machined in different in- 
dependent operations. 

Lof'ating mechanisms that are best suited to 
rough locating are nut usually adaptable to semi- 
finished or to finished locating requirements and 
vice versa. It is not a problem of degree but some- 
times recpiiies a different locating means for these 
different conditions. 

Thus the combination of requirement for con- 
centric locating, plane locating, and radial locating 
as well as the variances of rough, semifinished, and 
finished surfaces, and cost and time considera- 
tions, make locating a procedure requiring inli- 
nidte fii St-hand knowledge of manufacturing opera- 
tions. Sometimes it is essential to have a kn«wle‘dge 
of the end use of the piodiirts, for this often inflicts 
restrictions or requirements that are not or perhaps 
cannot be prai’ticallv expressed in the form of di- 
mensional tolerances on the product drawing. 

Clamping. After the woik is located it is 
( lamped: this is a subsequent and cumulative prob- 
lem. Cdanips must act in the required diiection with 
a proper degree of bolding force. 

In some respects a tooling device acMs as a vise 
or as an anvil. The tooling device muse hold the 
work securely so as to resist the mac hining forces 
which may be considerable, as reflected in the 
amount of torque and pressure that is required to 
perform the necessary work such as cutting or de- 
forming. 

In holding the work securely, however, the clamp 
must not in itself deform the work to an objectiem- 
able degree. The locating and clamping schemes 
should thus he contrived so that the operational 
forces do not act directly against the clamp (whic'h 
might then require a powerful clamp) but rather 
so that the cutting forces are absorbed between the 
engagements of the work piece and the tooling, 
then requiring only a nominal amount of clamping 
pressure to properly hold together the part and the 
tooling. 

Positioning, The positioning functions of a tool; 
ing device may have a variety of interpretations and 
a variety of means to accomplish these ends. 

The tooling mav be required lo index, tilt, slide, 
or otherwise manipulate the work in relationship to 
the working tools ( Fig. 1 ) . 

The tooling may be required to position differ- 
ent component.s relative to each other for the pur- 
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pose of assembly or welding. In welding, the tool- 
ing may also be required to manipulate the work 
so as to achieve down-hand welding on different 
sides of the work. 

The positioning function of the tooling device 
may be essentially a work-handling device where 
the work is heavy or otherwise impractical to han- 
dle by hand. The work itself may be in the hand- 
handling weight range, but the combination of the 
work and the necessary tooling may require me- 
chanical assistance in the form of leverage, bal- 
am e, or power actuation. 



Fig. 3. Quick-change rigid tool holder for plunge 
drilling without guide bushing. For maximum rigidity, 
drill bit is stub held to project only minimum required 
distonce. {Reliance Electric and Engineering Co.) 



Fig. 4. Photograph of a plunge drilling operation. In 
this instance the work-holding device is mounted on a 
master index table which permits drilling of various 
combinations of radial holes into the tubular work 
piece. The horizontal drill spindle is adjustable for 
different height settings. (Reliance Electric and Engi- 
neering Co.) 


Guiding, Another of the many functions of tool- 
ing is to guide the cutting tool so as to achieve 
the desired end result with regard to dimensional 
accuracy of the finished part. 

Drill-press spindles ordinarily do not have side- 
thrust rigidit>. Drill spindles are usually built to 
absorb the drill-point pressure (feed) but are es- 
sentially loose in response to sideways pressures. 
This is particularly true when long drills or drill 
extension holders are used. Consequently it is con- 
ventional practice to piovide drill-guide bushings 
in a drill jig so as to pro\ide the necessary degree 
of dimensional control. 

A common example is in the use of a drill bush- 
ing to guide a drill or a reamer. A drill (or a 
reamer) cuts on its end rather than on its sides. 
Thus the engagement of the hard drill bushing 
with ihc side of the drill hit does not dull the drill 
and docs not undiiK chaff the hardened drill bush- 
ing (Fig. 2). 

Cutters which rut on their rvlindiical periph- 
eries (such as end nn‘ll> and tooflied milling cut- 
ters) cannot be so guided because the resultant 
friction would be deliimental to the ( iittiug-tool 
edges and to the intended contact guide. Milling 
niailnncs achieve the desired dimensional relation 
between cultei and work tbioiigb the rigiditv built 
into the maebine spmdlc and in the strength of 
the machine wavs along their movements 

Many diilhng opeialions are accomplished with- 
out the use of guiding hushing h\ using the so- 
called plunge-drilling method This is done h\ us 
ing a rigid milling (vt>e of spindle and holding the* 
drill in a rigid cpiic k-c liange drill holder (Fig. .'!). ^ 
For maximum rigiditv, the dull l)it is stub held 
and prciiccls cuilv as fai as nevessarv to produce a 
hole of the recjuircd clei>th. Thus the relationship be- 
tween the work and the drill is a function of the 
machine and wcuk niovcunents. Plunge drilling 
makes possible a vaiietv of work in an efficient 
manner with simple tooling for the joh (Fig. 4). 
Spindle constiiiction similar to that in milling ma- 
chines provides the nec c'ssarv rigiditv. Manv tape- 
contiolled drilling machines are built around the 
basic pliinge-di illing method. 

Plunge drilling, however, has inherent liinitaticms 
that should he recognized, usually governed by the 
drill diamrtei. the depth of hole to he drilled, the 
tolerance of the hole location, the type of sur 
face to he drilled, and the kind of material to be 
drilled. For such products as are bolted together, 
recpiiring the drilling and tapping of holes in one 
member and of providing bolt clearance holes in 
the other member, plunge drilling is usually suf- 
ficient Jv accurate for the dimensional needs. 

Multiple tool functions. Automation, which may 
he defined as continuous automatic production, al- 
though not basically new, achieved a new peak of 
adaptation during the 1950s. This has brought 
about many new machine-tool and tooling problems 
and innovations. 

Ihe current trend in machine tools for automa- 
tion is to design and produce basic machine-tool 
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Fig. 5. In this automatic transfer machine, pallets 
hold three parts each and shuttle through successive 
machine work stations. Operator manually loads ma- 
chine; unloading station at left is automatic. Washer 
automatically cleans pallets before they return to 
loading station. (Cross Co.) 



Fig. 6. Two views of work piece produced in machine 
of Fig. 5 showing results of various milling, boring, 
drilling, chamfering, and tapping operations. (Cross 
Co.) 



Fig. 7. Work-holding pallet used in conjunction with 
the continuous automatic production (automation) ma- 
chine (called a transfer machine) of Fig. 5. (Cross^Co.) 

building blocks, each of which is a separate ma- 
chine tool, that can be linked with others (with or 
without special unit.s) to form an automated pro- 
duction line that performs a series of milling, drill- 
ing, and similar machining operations (Fig. 5). 
In thi.s way basic machine-tool building blocks 
perform a variety of jobs (Fig. 6). The standard 
machine-tool building block also offers considera- 


ble protection (through retooling or salvage) 
against obsolescence of an expensive automatic 
transfer machine. 

The tooling for such operations often follows the 
pattern that the work is located and secured to 
a pallet which is then automatically transferred 
from one operation to another (Fig. 7). The pallet 
has master locating surfaces so that at each work 
station the necessary basic alignment is reestab- 
lished and the pallet automatically secured into 
place. Such a procedure requires one pallet for 
each work station and such pallets as are required 
at the loading and inspection stations. See Auto- 
mation; Jig, fixtuke, and die design; Machining 

OrERATIONS. fj.I.K.l 

Bibliography \ ASTE Handbook Committee, Tool 
Engineers* Handbook^ 2d ed., 1959. 

Tooth 

A structure of varied type and function, present 
both in vertebrates and invertebrates. Teeth usually 
are employed in the manipulation of food; however, 
they may .serve animals as weapons in attack or de- 
fen.se. Among the invertebrates, teeth may be found 
in tnollusks which possess a radula, in some annelid 
worms, and in many arthropod.s. Two types of teeth 
are found in vertebrates. Horny teeth occur in 
cyclo.stomatous fish, many amphibian larvae, and 
the mammal Ornithorhynrhus, the duck-billed plat- 
ypus, while bony or true teeth are common to most 
other vertebrates. A few vertebrates, such as cer- 
tain species of whales and edentates, lack teeth. 

1'he distinguishing and universal characteristic 
of the teeth in vertebrated animals is dentin, a 
calcified tissue permeated with tubules into which 
extend the proc^esscs of the formative cells or odon- 
toblasts. The teeth in the sharklike fishes are re- 
lated to scales. In many of the more common bony 
fi.shes, the mouth is provided with teeth which fre- 
quently fall out and are replaced. Thi.s type of 
dentition is called polypliyodont. 

In the human dentition, which is heterodonl, the 
teeth differ in shape and function. They are special- 
ized to perform different aspects of their mastica- 
lory function- -incisor-, cut and saw the food, cus- 
pids and bicuspids seize and tear it, and molars 
grind or pulverize it. 

Dentition. Man is diphyodont, pos.sessing two 
sets of teeth. The deciduous dentition is composed 
of 20 teeth ; the permanent teeth number 32. These 
iTcplace the primary teeth and include 12 permanent 
molars which have no deciduous predecessors and 
vary considerably in their time of appearance (Fig. 
}a and 5). 

The deciduous dentition is important because the 
integrity of the permanent arch depends on its care 
and health. A premature loss of a primary molar 
should not be neglected. A break or irregularity in 
the normal contacts between the teeth caused by the 
loss or extraction of a single tooth may result in 
their abnormal positioning (malocclusion). The 
teeth of opposing arches interdigitate so that the 
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upper arc h overlaps the lower one, and each tooth 
16 opposed by two teeth of the other arc h exc'ept for 
the third molars and lower c entral incisors 

Structuro. Anatomic all v, each tooth consists of 
a crown and a root (Fig 2) The root is embedded 
within a bony socket of the jaw and supports the 
crown in its masticatory function The body of the 
tooth consists of dentin which is covered by enamel 
in the crown and by cementum in the ii»ot The 
central cavity of the tooth is hlied with soft con 
nective tissue the pulp, whi< h forms and nourishes 
the dentin Nerves and blood vessels enter through 
the tip of the root The human tooth is not fused with 
the bone but suspended within the socket by means 
of the fibeis of the periodontal membrane The 
latter is a ligament which attaches the (ementum 
and the tooth to the alveolar bone Ihis type of 
fixation IS termed gomphosis The gingiva is the 
part of the oral mucosa whu h loveis the alveolar 
bone and the neck of the tooth (Fig 2 ) 

I he enamel serves to resist abrasive wear and 
consists of prisms and interpi ismatic siibstarues It 
IS the hardest tissue in the body and is composed 
almost entirely (97^ ) of inorganic salts mainly 
calcium phosphate Enamel stands out as ilie tissue 
which IS entirely avast ular and uc cllulai , one c lt»si 
It cannot be leplaccd ext ept by aitificial inecins 



root 


enamel 


pulp 


cementum 


periodontal 

membrane 



Fig 2 The structure of a molar tooth and its sur 
rounding tissues (Adopted from I Schour, How teeth 
grow J Am Denta/ Assoc 30 133, fig 1, 1943) 



Fig 1 (a) Eruption time of deciduous teeth in months 

(b) Eruption time of permanent teeth in years (Adooted 
from M Mossier and I Schour, Atlas of the Mouth, 
plates 2 and 3, American Dental Assoc , 1952) 


The dentin gives to the tooth its general foim and 
elastu strength it consists of about 67 inorganic 
salts mainU taltium phosphate the icsl being 
organic mateiial and watei Since the organic ma 
tnx IS laid down first and then calcihed there is 
normally a narrow hordei of line ale ificd dentin 
tailed pn dentin next to the pulpal surface In 
iitkels or f alt Him ib fit lent y the piedentin layer 
her times much widei The pulp leacts to cutting or 
weal of the dentin and exposure of its tubules by 
the foimation til set ondarv reparative dentin 

[he (Cementum covers the surface of the loot It 
IS a modified bone which grows slowly but conlin 
iiouslv It IS rf*latively thin and serves to attach the 
periodontal fibers which suspend the tooth within 
Its socket In case of injury the cementum can 
regenerate and reattac h the suspensory fibers to the 
tooth 

The periodontal membrane is the fibrous connec 
live tissue which fills the space between the root of 
the tooth and bony wall of its alveolus socket It 
has three functions to connect the tooth with the 
adjacent hard and soft tissues to form bone on the 
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Fig. 3. (o-h) Life cycle of tooth. {Adapfed from I. Schour 
and M. Mossier, Studies in tooth development, j. Am. 
Dental Assoc., 27:1778, fig. 1, 1940) 


wall of the socket and cf^mentum on the root, and 
to serve as the seal of the sense of touch for the 
tooth. The arranf^einenl of the principal fibers is 
beautifully adapted to sustain the tooth apainst 
the masticatory forces and to help it to absorb 
shock. 

The alveolar bone is that part of the jawbone 
which forms the sockets of the teeth. The sockets 
persist only as lonp as the tooth is present and 
functional. Ft is hif^hly adaptable to tooth function 
and occlusal stress. 

The function of the tooth depends on the health 
of its own tissues and its support inji; tissues. The 
latter are collectively called the periodontium, 
which c*onsists of the periodontal membrane, the 
cement um, the alveolar bone, and the pn^iva. Al- 
though nejilected decay of the teeth is responsible 
for the loss of teeth in the younger age groups, 
after years of age tlie greatest single cause of 
tooth loss is disease of the periodontium. 

Life cycle. The teeth, like the nails and ha*r. are 
cutaneous appendages. iJuring the sixth week of 
human embryemic life the dental lamina arises from 
the surface of the primitive oral cavity or stomo- 
deum. At 20 points of the dental lamina corre- 
sponding to the future position of the primary 
teeth, epithelial buds grow into the underlying con- 
nective tissue and develop into the organs which 
form the enamel and guide the subjacent connective 
tissue to form the dental papilla, or the future 
dentin-forming organ and pulp. 

The tooth, during its life cycle, develops in an 
orderly manner through a number of stages. ('Fig. 
3). Initiation and proliferation of the odontogenic 
cells is followed by their differentiation into enamel- 
and dentin-forming cells and by their morphodif- 
ferentiation or arrangement to shape the future 
tooth. 

Deposition of hard tissue begins at the cuspal 
tips, or growth center of the crown. It proceeds in 
layers along an incremental pattern as illustrated 
in Fig- 3 and is closely followed by calcification. 


Disturbances in calcification can occur as a result 
of relatively mild systemic disturbances involving 
calcium metabolism. The calcifying dental tissues, 
therefore, serve as biologic recorders which reflect 
the health of the growing individual. Thus the birth 
experience with its profound neonatal adjustments 
produces an aci'cntuated incremental layer or ring 
within the enamel and dentin at the level of tissue 
formed at the lime of birth. These are culled the 
birth or neonatal rings and are found in all decid- 
uous te.*eth. Such rings constitute the basis for tooth 
ring analysis, a technique analogous to tree ring 
analysis. 

Nutritional deficiencies in minerals or vitamins 
mav lead to disturbances in the formati«m and 
calcification of the teeth. Excessive fluorides in the 
water supply can produce discoloration and poor 
calcification of the teeth. Fortunately, the amount 
of fluorides (one part ol fluorine per million parts 
of water) which gives the enamel protection against 
dental decay is harmle.ss and does not disturb tooth 
development. 

The piercing of the tooth through the oral mucosa 
IS only a momentary and transitory event because 
eruption continues throughout the life of the tooth. 
Eruption is rapid until the tooth meets its antago- 
nist: it then proceeds very .slowly to compensate 
for the normal attrition of the tooth surface. See 
DENTITffir^. Ii.s.] 

Bibliography: M. Massler and I. Schour, Atlas 
v* the Mouth. 1952; B. A. Willier, P. A. Weiss, and 
V. Hamburger (eds.). Analysts of Development, 
1955. 

Tooth disorders 

Disturbances of the teeth and related structures! 
Tooth disorders often produce marked impairment 
of general health since mastication and subsequent 
digestion may be reduced. In addition, bacteria or 
their products may invade other tissues from a den- 
tal infection, either by direct extension or by pass- 
ing into the blood stream. There is a strong positive 




'between general bodily health and 
cavity and teeth. See Tooth. 

! and enamel, despite their original resist- 
awce, d!kow little reactive or reparative capacity 
agidiist injury or infection. 

Developmental defect*^ include hereditary failures 
in formation or in the deposition of intact enamel. 
Symmetrical defects of enamel and dentine are of« 
ten aasociated with faulty phosphorus and calcium 
metabolism, as in rickets and tetany. In congenital 
syphilis, a tvpi<‘al defect occurs that is known as 
Hutchinson’s teeth. These are deformed and ehar- 
acteristicallv pn»triide at the tooth <‘orners while 
showing indentation in the center, in contrast to 
normal teeth that are slightly rounded r<»ward the 
biting surface. See Syphilis. 

Dental caries, or cavity formation, results from 
the gradual deterioration of the enamel, dentine, 
and finall\ the tooth pulp. It is due to many con- 
tributing factors or combinations and no one ex- 
planation is satisfactory. The addition of fluoride 
eoinpoiinds to drinking water has met with s(»nie 
success in the re*duction of «'avities, hut the process 
is still contniveisial. Fluorides art by combining 
with calcium salts, thereby increasing the resist- 
ance of the outer enamel to cavitation. Excessive 
fluorides will, however, cause enamel discoloration. 

Dentoalvpolar abscesses are acute or chronic in- 
flammations from bacterial infections that occiii in 
the root canals of the jaws Occasionally a gum 
boil may be present but more often onlv x-ra\ ex- 
amination will reveal the actual pocket of infection 
Periodontal disease, or pyorrhea, is an inflairima- 
tiem of the gum margin and tooth shedlh (perios- 
teum) from loc*aI iiritation or infection. See P\()n- 


RHLA. 

Toothache, or ondontalgia. is pain arising from 
stimulation of the dental nerves h\ anv process such 
as inflammation. It may occasionally occur as a le- 
flex stimulation of the nerve roots and fibers from a 
lesion between the teeth and the brain. 

Diseasc^s of the jaws are intimately related to 
tooth disorders since the upper and lowc'r jaw*' 
form series of pockets for the teeth and c any their 
blood and nerve suj3ply. The most common jaw 
disorders fall into four categories: (1) the inflam- 
mations of the jaw hones, such as osteomyelitis; 
(2) evsts of the jaws, both related to the teeth and 
separate from them; f.'i) tumors of benign or ma- 
lignant nature, such as osteomas and multiple inve- 
loma; and f4i involvement of the )aws in systemic 
disease. Examples of the last would include certain 
rare bone disorders, generalized skeletal disturb- 
ances, and those produced by endocrine dysfunc- 
tion. It.G.ST.l 


Tooth shell 

A member of the class Scaphopoda, phylum Mol- 
lusca. There are approximately 200 living species. 
About 300 fossil species are known, dating from the 
Devonian. Tooth shells are sometimes railed ele- 
phant tusk .shells. 

Tooth shells are of no particular significance ei- 
ther biologically or economically other than their 


interesting shape. They have the shell and mantle 
modified into a slender, slightly curved and tapered 
tube, open at both ends. They are all marine and 
are usually found in deep water, although they may 
occur at all depths up to 15,000 ft. The pointed 
foot extends from the larger end of the tube. They 
live foot dcjwnward. buried obliquely in the mud or 
sand. 

Food, consisting of minute plants and animals, 
is captured bv retrarlile, sensory tentacles called 
captacula, covered with cilia. Several of these ten- 
tacles extend aiound the mouth from the larger 
end of the shell. There is no head. Respiration is 



The tooth shell, Denfatium. (a) Position in life, (b) In- 
ternal structure from the left side; diagrammatic. (From » 
T. t. Storer and R. L. Usinger, General Zoology, 3d ed , 
McGraw-Hill, 1957) 


acrompli'^hed hv the mantle. Otherwisf* their gen 
eral structure is similar to that of the snails. 

The sexes are separate. The \oung undergo a 
short larval period before sinking to the bottom. 

Pa<‘ific Coast Indians formeiJy used shells of 
Dentalium pretiosum for money and ornaments 
Other than those washed ashore, they were fihtained 
by dredging from eaiioes with long rakes. This spe- 
cies occurs on sandv heaihes from California to 
Alaska and from the low tide mark to considerable 
depths. .See S( aphopoda ; Snail. [.I.d.b. I 

Topaz 

A mineral best known for its use as a g'^m stone. 
Crystals are usually colorless hut may he red, yel- 
low, green, blue, or brown. The wine xellow vari- 
ety is the one usually cut and most highly prized 
aa a gem. Corundum of similar color sometimes 
goes under the name of Oriental topaz. Citrine, a 
yellow variety of quartz, is the most common sub- 
stitute and may he sold as quartz topaz. See Gem. 

Topaz is a nesosilicate with chemical composi- 
tion AljSiO»(F,OH). The mineral crystallizes in 
the orthorhombic .system and is commonly found 
in well-developed prismatic crystals with pyramidal 
terminations. It has a perfect basal cleavage 
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Topographic surveying and mapping 

The measurement of surface features and configu- 
ration of an area or region, and the graphic expres- 
Sion ol TViti ol 

Nirvev'mg usuaWy vs & map v>i pTeswWicA wV.WW'j. a« 
Prismatic ctystaU of topaz with pyramidal terminnC.#.... ^ Wftding site, a Vvvtdvway \ucat\on. ot mWvlaTy 

IFrom C. S. Horlbof. Jr., Dano's Monuot ot Mineraloav . 

16th ed., Wiley, 19521 Sofoctioit of scafo. The map's intervded u«e Ae- 

Ifrmines itw Rcale and conto\ir interval as^ v#el\ a*^ 


which enables it to he distinguished fn»in minerals 
otherwise similar in appcaranre. Hatdnoss is 8 on 
Mohs scale; specific gravity is 8.4 8.6. Sre Siuc ati^ 

MINERALS. 

Topaz is found in pegmatite dikes, particularly 
those carrying tin. It is also formed during the late 
stages of the solidification of rhyolite layas. The 
minerals eharacteristieally associated are tourma- 
line, cassiterite, fluorite, beryl, and apatite. It is 
also found as rolled pebbles in stream gravels. Fine 
yellow and blue crystals have come from Siberia 
and much of the wine-yellow gem nidteiial from 
Minas (ierais, Brazil. In the United Stat<*s topaz 
has been found near Florissant, Cobuado; Thomas 
Range. Utah; San Diego County, California; and 
Topsham, Maine. [(.s.Hr.] 

Tophus 

A localized spelling occurring specifically in gfuit. 
a disease oJ defective purine metabolism. 'Fifplii oc- 
cur in cartilage and in the connective tissues of 
the body, usuallv in (»t adiacent to tin* small foints 
of the hands <md feel Less commonly they are 
biiind in the eyelids, eats, rniisi les. tendons, or 


the nature and extent of its detail. (See CoNTOtm.l 

Sc«/e for military maps. For military purposes, 
or for selection of a general route for a new high- 
way, horizontal scales ranging from 1 in. - 0.5 
mile to 1 in. = 2 miles and contour intervals rang- 
ing from 10 to 50 ft may be suitable, depending on 
the ruggedness of terrain. On siuh maps it is pos- 
sible to mark out aieas where troops will be hidden 
from ffbserveis at given points and to plan artillery 
tactics. Points governing route b»cation. such a.s 
river crossings and low points in ridges, can be 
found readilv. 

Sra/r for engineeritifi maps. Detailed highway 
planning and other engineering design require 
larger scales and smaller t'ontour intervals, a n«>r- 
mal evtrenie being a scale of 1 in. = 40 ft and a 
contour interval of 1 ft. These laige-srale maps 
b»r (mgineeririg put poses may show evejy tree, 
Iniilding, fence, sidewalk, curb and other existing 
fealuip that affects the design to be performed. 
Standaid svmbols indicate swampy ground, rock 
outcrops, cultivated fields, and other pertinent fea- 
liiies not leudilv expressed h> planiinetrie outline 
and contours. 

Control. Detailed measurements for topographic 


Iieart valves. The initial l(‘sion is usuallv Military, 
but as the disease progi esses increasing numbers 
of tophi invariablv appear. 

Origin. 8'he tophus begins as a small deposit of 
iiri** acid salts (chiefly hiiefriiigenl monosodiuin 
urate. NaHO.HjN |Oi ) . the iiritant properties of 
which result in a localized region of inflain .lation 
chaiacteri/ed hv exudation of white blood cells 
and SCI urn. Once begun the process proceeds slowly 
hut inexorably, gradually eroding the surrounding 
tissues to reach ultimatciv a size of 2 5 cm or 
more in diameter. In this wav the tophus comes to 
I'ontuin increasing quantities of tissue breakdown 
products, chiefly lipids and precipitated protein 
material, in addition to urates. 

Although the fac-tors influeneing initiation of the 
lesions are not completely understood, it has been 
observed that they occur frequently in those re- 
gions of the body which are most su.sceptihfe to 
trauma (skin over bony prominence, joint carti- 
lage. and site of attachment of tendon to bone). 

The skin overlying a tophus may become ulcer- 
ated. discharging semifluid material and chalky 
fragments of urate deposits, or the lesion may 
erode into an underlying joint, discharging its con- 
tents into the joint cavity. In such case.s the result- 
ant scar formation usually leads to almost complete 
loss of function in the involved joint. See Meta- 
bolic DISORDERS. [W.R.AD.] 


data are referred to control lines and point*-, the 
map’s framewwirk. Cauifrol points (.vee Siirvlying) 
should lie surveyed with sufficient precision to limit 
the probable position error of any control point to 
the scale precision ot a plotted point. Thus, if a 
map is plotted at 1 in. = 200 ft (a scale ratio of 
1:4800), a sharp pencil, marking with a precision 
of ztO.Ol in., would plot with a scale precision of 
2 ft. 'riiis would not he a stringent requirement for 
limited areas, covered by one or two map sheets, 
but where several sheets were reifuired. as for a 
new highway route between two cities, a second- 
or first-order control survey would be required. 

The basis for map plotting should he a coordi- 
nate grid, carefully drawn up hefoie control points 
are plotted. The latter, computed in the chosen 
v'»ordinate system, are plotted by simple x and y 
measurements from grid lines. 

Because the topographic map is a three-dimen- 
sional representation of the terrain and its fea- 
tures, a system of vertical control points also must 
be established. If topographic detail is to be meas^ 
ured by ground-survey methods, elevations of the 
horizontal-control points are determined; if detail 
is to be obtained by aerial-survey methods, ground- 
surveyed elevations at points other than horizontal 
control points usually are required. 

Selection of survey method. The choice between 
ground and aerial methods is largely economic 



topoyraidilc surveying ond mopping 

Si^stantial areas and difficult ten am are surveyed 
with less cost by aerial surveys (see Phoiogram- 
MtTRY), Smaller areas, requiring but one or a few 
days of field-party time, may be surveyed and 
mapped for less money than the aerial survey mo- 
bilization costs of flying and photo processing 
Visibility of the ground and othei leatiiies to be 
mapped also influence the choice Foliage and 
snow may conceal topography from the aerial cam 
era, m many areas limiting the times of year when 
photogrammetry can be used effectively The de 
gree of accuracy required for elevations also may 
rule out aerial surve\s Theoretically, any preci- 
sion IS available, but the diffic ultv of maintaining 
flight lines at low altitudes together with surface 
variables like grass height, casts doubt on the ac 
ciirac v of photogrammetric contour intervals of 
less than 2 ft Above this piac tical limit, theie is no 
difference between the accuracies of ground sur 
veyed and aerial surveyed topography Both usu 
ally must comply with the same gtnerally accepted 
standards of mapping accuracy These are that 
(1) 90^ f of all elevations determined from the con 
tours must be correct within one half the contour 
interval, the remainder must be coricct within one 
contour interval and (2) 90^^ of all planinu tiic 
features must be plotted within one foitieth of an 



Topographic mop, scale 1 62,500, contour interval 20 
ft Spot elevations shown at road intersections iUSGS) 


inch of their true coordinate positions and the re^ 
mainder must be plotted within Vm in 
Ground surveying. Topographic siiiveymg on 
the ground entails measurement of the horizontal 
positions and elevations of enough points to de- 
scribe the lei ram and all featuies to be shown on 
the map Measurements are taken from control 
points, usually by transit and tape or stadia, or by 
plane table and stadia Slope measurements, re 
duced trigonometrically to horizontal and vertical 
distances, are of sufficient precision to accomplish 
standard map accuracies for most scales and con- 
tour intervals Sec Si;rvi-yinc 

The c hoice of points to be observt'd is simple for 
featuies such as buildings fence corners and 
bends in streams, it becomes complex where the 
configuration of nrc^gular lerrain is to be de 
scribed The rodinan or tapenian must give the m 
striiment man sightings cm all signihc ant changes 
ol slope and contoui diiection without wasting 
time on inteivcning points 

[ ransit snnev Tn a tiansit survey the mstrumemt 
1’^ set up at d contiol point and oriented Directions 
to all obsf r>cd points arc recorded and where dis 
taiicc measurements are feasible the hon/ontal 
distance and elevation aic computed and rc 
(oidcd Where diiections only are observed the 
points must be sighted foi direction from a subse 
(juent control point to h\ llicir hoii/orital positions 
The elevations of these points may be obtained bv 
auxiliaiy means such as band leveling The tians 
itrnari or a nolckctpei must make his notes as 
descriptive as possible Quantitative data and 
wold descriptions are often suptrle niented by 
sketf he s me hiding c oritours 

Jn the ortice transit surve y field d ita aic plottc^d 
on ( orniiilatiori sheets Points on contour lines are 
established by propc rtional interpolation between 
observed elevations and the contour lines are 
drawn to connect the jioint^ interpolated for each 
c emtour line 

Where high preci'.icm is re'cjuiicd as for c*arth 
work fm a rel itiveK flat area it can he staked in 
gndiion pattern so the elevations ol all line intei 
sections can he observed by dilVrential leveling 
tec Imiques 

P/ant tfihlf \une\ Map comtulation is com 
pleted in the field with the plane table (see All 
DADi* Pi ANF TABih) Where the control system 
ha^' been establislied its points are plotted on the 
plane table sheet and the |)lane table is set up and 
c>rrente.d at a contiol point The alidade stiaight 
c dge 1 ** set on the c orrespondirig plotted point and 
a senes of stadia sightings are made on chosen ter 
lain points Scale distances establish the plotting 
of each lenain point on the plane table sheet, and 
Its elevation is noted alongside Contours and pla 
nimetric lines aie drawn as the survey progicsses 
Aerial surveying. Aerial topographic surveying 
brings the lerrain into the photogrammetry labo 
ratory Two or more overlapping photos are pro- 
]ected stereoscopicallv to establish a three-dimen- 
sional image —literallv a visual scale model of the 





lerTam— on yrWch an instruincm operator can 
measure the horirontal distauce and oWvation dif- 
ference between any two points he lan see 
Photographing The (houe of an plane flight al 
titude depends on the degree of verbal acciirao 
required for the map and on the precision of the 
steieoplotting instiument Based on the cited 
standards of map acciirdcy the prescribed con 
lour interval indicates the degree of vertical ac 
turao recpiired Where a cartographn camera 
with 6-in focal length takes pictures for use in a 
stereoplotting instiument of oidinar\ precision 
the flight altitude in feel should be 800 to 1000 
times the contour interval in feet to assure stand 
arc! map acc^uraev Called the C factor this multi 
plier ma\ he 1200 or moie foi highlv prec ise store 
oplotting instruments 

Photographs are taken straight down The tre 
quenev of exposure is timed to provide at least 
S0*'f and iisiiallv 60^ r of picture oveila]) in the cli 
lection of the flight line [f the single flight line 
does not gi\e suflifienl breadth of coverage addi 
tional parallel lines are flown with side overlaf) of 
oi more 

Plotting In the stereoplotting instrument pla 
nimetrv and contours are drawn on a compilaticm 
shc*et c oiresfionding with the plane table sheet 
called the manuscript I he sheet should be i Hi 
numsionallv stable matcTial so the aeouraev of 
stereoplotting can be prc'^erved foi map drafting 

Map drafting. T^hotogrammetne map drafting 
as well as plane table map drafting ronsists of 
tracing the nianiiMiipl linc^ incl msc iibing svm 
boK ind lege nds on the trac ing in an orderlv m in 
ric r The concept of (»rdei of di ifting pnoiitv is 
imtiortant lines are drawn first in their ccuiect 
positions symbols locating ohiecls aKo must be 
in then correct positions legends identifying 
small fc itiires (and therefore h iMng to be idj i 
cent to those features) come next then more gen 
cual information such as area ind ownership c»| 
land plots or names of pobtical subdiM^i s ire 
inscribed in the remaining spaces A north arrow 
identified as true noith magnetic north «»r some 
ollif r refer enc f system is c ssc ntial 1 he c ooidiniile 
grid is drafted precisely and a graphic scale is 
provided as a precaution against subsequent 
shrinkage and exparisicm of the tracing and anv 
prints made from it fn addition there is a title 
naming the map and stating ciwnership authorship 
and other pertinent farts A Ic-gend of special sym 
hols may be included One color (iisuallv black) or 
seveial colors of ink may be used for the drafting 
Reprodiic lion mav be bv anv of several methods 
ranging from lilue-prinling to lithography See 
Cartography, Map pRoircnoNS [k h no ] 

Bihhogiaphy American Society of fT*otogram 
metry. Manual of Photogram metry, 2d cd 19S2 

Topology 

The study of topological spaces and eonlinuous maps 
Using elemental y set theory precise mathematical 
definitions of topological spare and continuous map 


wiW be given, and iben these wiW be iWustrated by 
examples 

Sets. A set IS any collec turn of things or obiects 
11 A IS a set and ac is a member of the set one writes 
X € \ wliieh reads in words r belongs to \ The 
s\mhol € denotes membership An element oi meml>ei 
ol a set \ IS also called a point of \ The rational 
numlieis fuim a set fiequcuitiv denoted by and 
y € () mtaiis that \ is a lational nuinlH*r 

If A and } are sc*ts, then X u 1 i** the set ol ele 
merits which he Icmg to cither \ or } (ineluding those 
elements which belong to both X and Y) I he nola 
tion \ u y IS read \ union 1 Suinlaily li \ and Y 
an sc‘ts tlieri Y n 1 is the set ol (dements which he 
long to both X and 1 ind the notation A n ) i read 
\ intersc ct } 

Suppose for c \diTiplt , that is the set of lational 
number'^ X is the set of rational iiumheis greater 
than or ecpnl to zero and > is the set ol lalional 
niimbcis less than oi ecpial to zero ilndei these con 
ditions \ u 1 =• Q and \ n is the set wfiose only 
element IS the mirnbe r zero 

Suppose that for cac h element i ol i set / ther<‘ is 
given a set f, the set consisting c»t all the sets f, is 
dcnolcci by ] T j,,/ and is slid to be a collection of 
sc Is Hide \cci on the sc t / If J i, [it/ is a collection ol 

sets ]nde\cd on the sit / then 1, is the set con 

sisling oi those elements which belong to at least 
one ol the se 4 and is c illed the union ol | 
Similarly fl,*/ 1 is the sc t nmsisling ol those e lernerils 
which belong to c vc iv one ol tlie sets f,, and is c illc‘d 

the iiite ISC c tion of | /,|,,7 In case / is the set wilh 

fxacllv two elements 1 and 2 [ fi|ie/ has two mem 
hers 1] iiicl f) Morcuiver in this case U,,/ — 

'll u i and f),,/ 1 -= n 
If \ IS i sc I the n a set 4 is a subsc t of X if e very 
e lemeni ol f is also an clernc nt cd X I or (*xanipl( if 
\ IS the sc t ol automobile s built during anv one year 
and 1 IS ilu set of green aiilotnobilc s biiill duiing 
tint \c ir then 1 a ibset of A Fveiy set has a 
subset ( ailed the eniply set The enqity sc I is the set 
with no elements whatsoever and is liec|aently de 
noted by 0 The notation 4 n H — ^ means that ibi 
intersection of the set i and B is empty in otfic‘r 
words that the sets A and B arc disjoint 
Topological space. This is a set of points A, to 
g(thc‘i with a collection of subsets of V called open 
substts o( \ where tlu following assumptions are 
made 

1 0 ind A are open subsets cd \ 

2 If 4 and B aie opc n subsets ed X llu ii y4 n B is 
I c»pcri subset of X 

-J II 1 4,},,/ IS a fcdlc'ction cd open subsets cd 
then U»,/ 4, IS an open sulisel of X 

Suppose that H is the set of real numbers U r € 
in other words i r is a real number, let \r\ denote tin* 
absolute value of r This nM*ans that if r is gieutei 
than 01 ecjual to zero then Ir -= r Inil if ns less than 
7 e‘ro then \r = i In cirdei to make the real numbers 
into a topcdogieal space, open subsets ol fi are defined 
using the notion cd absolute value Precisely, a subset 
L of R IS open if lor every x th there is a real number 



6c greater than zero having the property that if for 
some real number y, ly — jc] < e* then y € (7. In other 
words if oc € 1/ then any real number sufficiently close 
to X belongs to II also. With this definition of open 
subset of the real numbers it is not difficult to verify 
that the axioms for a topologi<*al space are satisfied. 
When one talks of the real numbers in mathematics, 
one usually means the real numbers as a topcdogical 
space, that is to say the set of real numbers together 
with the collection of open subsets that are defined 
above. 

Continuous map. In order to continue the dis- 
cussion of topology, it is necessary to introduce .some 
further notions of set theory. First suppose I hat X 
and Y are sets. Defirn* the product of the sets X and 
y to be the set consisting of pairs of elements (rr,v) 
such that X € X and y € Y. The product of X and Y 
is denoted, hy X X Y, Now a function /from X to Y 
is defined to he a subset /of the product X X Y such 
that if X € X there exists a unique ye}’ such that 
(jc,v) 6/ In this case y is said to he the value of /at 

and is denoted by /(.r). Intuitively a function from 
.V to y is tliought of as a rule which assigns to each 
element of the set X an element of the set Y. 'fhe 
standard mathematical notation foi a function /from 

X to y is/:A y. 

Let f :X y he a function and suppose U is a sub- 
set of y, th(*n /~*(f0 ibt* subset of A' eoiisisling of 
lliOHC points JL such that f(x) € IL If X ami V are 
topological spaces, then f:X'>Y is a continuous 
nmp, or continuous function, (1) if/ is a function 
from X to y, and (2) if, whenever 1 1 is an open sub- 
set of y, the set / *((/) is an o[ien subset of X, If A 
is any topological space, lh<‘n the identity fuTuiion 
tlefined by i(.\) - a is a continuous map 
called the identity map of A'. Suppose A, y, and Z 
arc topological spaces,/: A > y is a continuous map, 
and g:Y — > / is a cmitinuous map. In this case the 
function A' «/: A > Z defined by (/f o /){jr) -- /?(/(i)) 
is a continuous map. 

riie topological sjiaces A and Y arc said to be 
honieomorpliic if tficrc exist eontinuous maps /: A ► 
} and/r:l -♦ A'^sucli tli.it f fi‘Y -» F is the identity 
map of Y and fr ^ f\\ ♦ A is the identity map of A. 

Ill this case the maps /and g arc sa^J to he homco- 
iTiorphisms, and g is frequently denoted by /' *. The 
symbol / ^ is read/ iiuerse. 

Again assume that R is the topological space of real 
numlicr*'. Define a function /: W by f(\) - 0 if 
X is less llian zero, and fix) = I if x is greater than 
or equal to zero. The function f \R—^R\^ not a con- 
tinuous map. I’his is l)ecause/(0) « 1, but there arc 
points X arbitrarily close to 0 such that fix) = 0. In 
other words the function / is not smooth; it jumps 
at zero. Intuitively a continuous map /:A — ♦ F is a 
function such that if .v ami x are close together then 
f(x) and fix) are also close together where the notion 
of closeness is determined by tlie open subsets of A 
and y respectively. 

MatricS. When the topology on the real num- 
bers was defined, this was a special ease of defining a 
topology by using a metric. I.et A be a set. A metric 


on A is a function p:A X A— > such that the fol- 

lowing axioms obtain: 

1. If and X* belong to A, then p(x,ac') is greater 
than or equal to zero, and pixA*) *■ 0 if and only if 

X « X*. 

2. If X and x' belong to A, then p{x.x') « p(x'^), 

3. If jf, x\ and x” belong to A, then pix,x'') is less 
than, or ecpial to, p(.v,.t') + p(j:',x"). 

If p;A X A A is a metric, then pix^) is called 
the distance from x to x'. Axiom 1 says that the dis- 
tance between anv two points of A is greater than or 
equal to zero, and is din'erenl Irorri zero if the points 
are different. Axiom 2 says that the distance from 
X to x' is the same as the distance from x' to x. 
Axiom 3, lfi(‘ so-called triangle axiom, says intuitively 
that it is shorter to proceed from x to x'* along a 
straight line than it is first to proceed from x to x* 
along a straight line and then proceed from x* to 
along another straight line. 

II A IS a set, and p: A X A R is a melrie on A, 
(Uie says lliat a subset V of A is ojien if, whenever 
X e li there exists a real riuniher greater than zero 
such that if .v' is another point of A and pix,x') is 
less than gj then x' also belongs to U. In other words 
\{ \ € I ami x' is a point which is very close to x, 
then v' also belongs to Ij, One verifies easily that if 
open subset of X is defined as above, then axioms for 
the open subsets of a topological space are verified, 
'riiiis anv set V with a metric p:A X A > R defines 
a topological space. 

When R IS tin* set of real numbers and p :K X R * 
R IS delined by p(r.A') li - \'l il may he proved 
that p is a metric on R. Then clearly the notion of 
open subset defined from this nietiic is exactly the 
notion nt open subset defined earlier. 

Suppose that \ is a set, p:A Y A — ► A is a metric 
on y is a set, and p' ‘ I X I — ► y' is a metric on 
Further assume that the notion of open subset of A is 
defined by using the metric p, and that the notion of 
open subset of Y is defined by using the metric p'. In 
lliis ease it may be proved that f :X Y is a conlinu- 
ou.s map if and only if for every x e A" ami Sx gn‘aler 
than zero, there (*xists greater than zero such that 
if p(x.x') is less than tlien p'( fix), fix')) is less than 
£x. Thus the idea tliat f :A' F is continuous wlien- 
cver jr and are close together implies that fix) and 
fix') aic close together; the idea is precise when tlie 
open subsets of Y and y' are defined h> metrics. 

Construction of topological spaces. One of the 

most important processes in topology is the construc- 
tion of new topological spaces from old ones. Two 
particularly common and useful methods of doing 
tliLs will he illustrated here. First suppose A is a 
topological sfiace and A is a subset of A. A subset U 
of A is open if there exists an open subset F of A 
such that A n V II. When A is considered as a 
topological space with the notion of open subset de- 
fined in this manner, A is said to be a subspace of A. 
Secondly suppose that A and Y are topological spaces. 
A subset U of A X y is open if for every point (x,y) € 
U there exists an open subset V of A and an open 



subset W of y such that f' X IP' is a subset of V. 
When A X y is considered as a topoloRieal space 
with open subset defined in tiiis manner, it is called 
the product space of X and Y, 

Having defined the concept ol product space it is 
now easy to define that of euclidean n-space. How- 
ever, before doing this it is well to remark that il 
X, Yy and Z are lopuhjgical spafjcs, then the space 
{Xy,Y)y, Z and X [Y X Z) are the same. In other 
words the operation of taking the product space of 
several topological spares is associative. Now euclid- 
ean 1 -space is just the space of real miml)ers R. 
Kuclklean 1-space also called the real line or just the 
line is denoted hy R or RK The notion of euclidean 
n-space for any positive integer n may be defined by 
induction. II euclidean w-s|iacc is defined ami denoted 
hy K", euclidean (n -h I) sfiace is dclincd to he 
/i” X R and denoted hy 

The preceding indurlivc definition of R'* is con- 
vcnienl for some purposes, hut it is uselul to have 
a direct description also. 'Fliis may he accomplished 
hy first letting W" denote the set oCf/ tupIcs 

Ul Ati) 

such that each a, is a real number, and then de- 
fining a metric K” hv letting llu* distance 

P((lli • • . 

from the point (ii i„) to the point 

(vi 

he the sfjnare root of 2S|‘ |(v, Tims if n = 2^ 

then /<“ - Rx R ami the distance p((i i,i •,?).(> i.v 2 )) 
from the [loint ( 11 . 12 ) to the ptnni (vi. 12 ) is tlu* square 
root of (ii — iil'H (X 2 - V 2 )“. riic spacf* /r is In** 
(pieiitl) called tlu^ plane oi tfic cnclidcan plar.c and 
eoircspt)nds t(» the intuitive notion ol a flat 01 plane 
sill lace. The space R'^ is sometimes calliMl pist space 
ami cnrresp(»mls to the intuitive idea ol s[»arc. The 
distance between two points (xi.a.n i:,) and (Vi.Vo.ia) 
in R^ is the squan' root of (ri — > 1 )^ 4- (12 - 12 )^ + 
(x.i - Vs)"- 

I’he n-dimensional sphere, denoted bv .S”, is the 
suhspac'c ol consisting of those [loirits whose 

distance from the ongin (0, . . . .0) of /i" Ms<*xa<‘tlv 
1. Thus the 1-spheie also called the circle consists of 
the points in the plane whose distance from the point 
((),()) is exaell) 1. (iOnseqiienlK the eirel(‘ is the 
boundary of the disk consisting ot tlmse points m 
the plane whose distance from the origin is less than 
or equal to 1. Similarly the 2-sphere is the boundary 
or surface of the solid ball consisting of those points 
of whose distance from the origin is less than or 
equal to 1. It is pictured as the surface of an ordi- 
nary solid ball such as a croipiet ball. The 2;sjjihere 
is an example of the general notion of surtaee. There 
are many other examples of surfaces, a common one 
being the torus which is just the topological space 

X SK It may be thought of as the surface of a 
doughnut or as the inner tul>e of an automobile tire. 

Two topological spaces which are homeomorphie^ 
cannot be distinguished by the methods of topology. 


Topology 69 1 

Any topological property of one is also a topological 
properly of the other, Con.sequentlv one frequently 
calls any topological .space homeomorphic to the n- 
sphere S'*, an n -dimensional sphere. For example 
any circle in the plane is homeomorphic to the stand- 
ard circle S'. Suppose that X is the topological space 
which is the boundary of a square in the plane, liet 

he a circle in the plane which completely contains 
X in its interior. (Choose a point * in the plane inside 
the square. Now for every point x c X, let f{x) be the 
point of y obtained by proceeding in a straight line 
from ^ to X and then conliiuiing along the same 
straight line from a to the point f(\) of Y. The func- 
tion f:X y thus obtained is a horneomorpliism. 
(I(msc(|uenlly A, the boundary of u square, is homeo- 
morpbic to a circle. Similarly it may be proved that 
a square in the plane is homeomorphic to the disk 
hounded h\ a circle. 

Since homeomorphic spates cannot be distin- 
guished hy topologii al methods, one of the important 
pnddems (jt topologi is to determine whether two 
lopologieal s[)aet‘s are liorneomorphu' or not. For 
example, is the spb(*re .S' liomeomorphie to the sphere 
liituitiveK it does not seem so. but one would 
like a proof. One proid may be obtained by giving 
lopologieal significance to the i<lea of dimension. 

Supp«»s(» that X is a to|M»logi(‘al sfiaet*. An open 
eov<*rmg ol V is a eolleetioii of s(‘ts sueli that 

eaeb I, is an open subset (d Y. and A" - If 

! ami \Rj\jfj are open coverings of'V. the 

(Mwermg 1 4,\uJ is said to be finer lliun the covering 
\Bj\jfj if for each imlex / € / there exists an index 
j ej sucli that 4, js a subset of Bj, Let |.'liU€r he an 
open covenng of the sjiaet* This eovering of .V is 
said to have dimension less than or etpial to n if the 
irilerseelion ‘/,„n n -f,,, of any (« 4 1) distinct 
sets of the eovermg is empty. Thus an open eovering 
I 4,1,,/ has dimension less than or equal to zero if 
A, n ij is empty for A, difl'erenl from /!,. It has 
dimension less than or <*qual to 1 if for every three 
sets f,,. 4|.^, 4, j suc h that no two are equal the inter- 
seelion 1,, n .4,2 n 4,, is empty, and so forth. The 
lopologieal space V has diinensiori n T 11 is the least 
integer with the properly that for everv o|jf‘n eover- 
ing ol X I here is a finer open eovering of X which has 
dimension less than or equal to n. From the definition 
of dimension just given il is clear that if is an n- 
dirnensional topological spa<‘e and Y is homeomorphic 
with A. then Y is an a -dimensional topological spare. 
In other words the notion of dimension is a tofiologi- 
eal invaiianl. Moreover, it is possible to prove that 
euclidean ri-space /i" is an rt-dirnensional topological 
‘ ,/iM e, ami that the w-sphere S*' is an /} -dimensional 
lopologieal space. This means among other things that 
the circle 5' is not homeomorphic to the 2-sphere S®. 
Further it means that there is lopcdogical significance 
to the n of S” or /f”. 

There are other important properties of topological 
spaces which are defined by using the notion of open 
covering. Probably the most important of these is 
compactness. A topological space X is compact if and 
only if for any open covering M,},*/ of X there is a 
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finite number of indices ^ / such that 

X • For any positive integer n the sphere 

S" is a compact topological space. A general theorem 
asserts that if X and Y are compact topological spaces, 
then the product space X X Y if^ also compact. This 
implies that the torus is a compact topological space 
for it is the product space .S’* X .S’* and .S’* is compact. 

The general notion of topological space is not suf- 
ficiently restrictive for most purposes. Therefore some 
additional axioms are almost always assumed — in 
particular the Ifaiisdorff separation axiom. A topologi- 
cal spac'e X satisfies the Hausdorfl’ separation axiom, 
or is a Hausdorff space, if for every two distinct 
points X and x' of X there are open subsets U and 
V of /V such that x € U, x* € f \ and 11 n F is empty. 
If X and Y are compact Hausdorff spaces and f:X—^Y 
is a continuous map such that f(x) =* f(x') implies 
X = x' and for every y € K there exists x f X such 
that f{x) = V, then /is a homeomorphism. 

All the topological spaces so far considered, the 
spheres, the euclidean spares, and the sul)spa<*es or 
products of these spaces are Hausdorff spaces. In fact 
any suhspace of a Hausdorff space, and anv produc! 
of Hausdorff spaces, is again a Hausdorff space. 
Further if is a topological space such that the 
tc»pology is derived from a metric on A, then X is a 
Hausd«)rff space. 

Manifolds. Though Hausdorff spaces form a 
much more interesting class of spares than general 
topological spaces, the most important class of topo- 
logical spaces, which is still much smaller, consists 
of the manifolds. An n-manifold is a Hausdorff spare 
X such that the following conditions exist: 

1. For every point x e A' there is an open subset 
Vjr of X such that x € Hx and such that Uj is liorneo- 
morphic with an open subset of ft". 

2. There exists a melrie p'.X X A — ♦ ft such that 
the topology on A is induced by llic metric. 

In defining /i-manifold one always assumes condi- 
tion 1, which states that within short distances of 
some fixfjd point it seems as if one is in euclide*ari w- 
space. Having assumed condilicui I, there are several 
other eondilions which are sometimes assumed in- 
stead of condition 2. For example it is sorm^times 
assumed that there exist ef»mpaet subsets Ai, A^, 

. . . , Xic^ ... of A such that .Y = U'^^iA,. An- 
other fre<|uent assumption is that there exists a eouiil- 
able number of points jcj. .r2, . . . , .Xa. • • • of X 
such that if // is any nonempty open subset of A, 
then there is some integer k such that Xk e V. All 
these possible variations of condition 2 are essentiallv 
equivalent once condition 1 is assumed. 

The spheres and the euclidean spaces arc examples 
of manifolds. Further products of spheres and euclid- 
ean spaces are manifolds, for if X is an m-manifold 
and Y is an n-manifold, then A X F is an (w -j- n)- 
manifold. This implies in particular that the torus 
T *■ S* X 5* is a 2-manifold. 

A manifold is a topological space which is an n- 
manifold for some positive integer n. The dimension 
of this topological space is n. Moreover, the dim«-u- 
sion of any open subset is also n. 


Before proceeding further with the discussion of 
manifolds, it is necessary to introduce another gen- 
eral topological notion. A topological space X is con- 
nected if, whenever U and V are nonempty open 
subsets of X such that X ^ t/ u F, the set 17 n F is 
nonempty. In other words X is connected if it cannot 
be expres.sed as the union of two disjoint nonempty 
open subsets. 

( )ne of the most important problems of topology is 
the problem of classification of connected n-tnanifolds. 
If AT is a connected 1 -manifold then either A is com- 
pact and is honieomorphic with S*, or X is not 
compact and is horneomorphic with ft*. Thus Irom 
the point uf view of topology these are just two con- 
nected 1 -manifolds, namely the circle and the line. 

The problem of classifying curnpacl connected 2- 
manifolds has also lieen solved. These manifolds, also 
called surfaces, are classified by giving a list of stand- 
ard surfaces, and then proving that any compact con- 
nected 2-manifold is honieomorphic to one and only 
one in the list. The list just mentioned is long and 
will n<it be given here. The 2-splielre, euclidean 2- 
space, and the torus are all examples of 2-manifolds. 
However, as mentioned previously, ft^ is not compart 

Little is known about the problem of classifying 
manifolds of dinu'nsion greater than 2. Considerable 
work has been done on the problem of classifying 
3-manifolds, but the results are still far from satis- 
factory. 

Homotopy theory. In leeent years one of the 
most ai’tive hranches of topology has been honiotop> 
theory. If A and Y are topological spai'cs. then two 
continuous maps fo'.X Y and /r A — ► Y arc said 
to be hornotopic if there exists a continuous map 
F:I X A ► Y such tliat F((),t) = /i)(x) and F{\.x) — 
f](x). where / is the suhspace of the real n unifiers 
consi->liiig of those numbers which are greal(*r than 
or equal to 0 and less than or equal to 1. A map 
/ : A — ► Fis saiil to Ik* a trivial map if /(\) — /(a') for 
every pair of points x and r' belonging to A. A map 
/oiA > Y IS homotopicallv trivial if there exi^^ts a 
trivial rnafi /j which is hornotopic t(» /. Intuitively 
two maps are horn(»topir if one can he smoothly de- 
formed into the other. Thus a map is homotopicallv 
trivial if it can he defornu'd into a map which sends 
cv(‘ry thing into a single point. 

Suppose that A" is a connected 2-maiiifold and every 
map f :S^ > \ is hoinotopically trivial, then either 

X is compact and is honieomorphic with or A is 
not rompd(‘t and is honieomorphic with ft". 

Two topological spaces A and F have tlie same 
hoinotofiy type if there exist maps /:A — ► F and 
g‘:F > .Y such that f ° g'.Y ♦ F is hornotopic to the 
identity map of F and gof:X-^X is hornotopic to 
the identity map of A. Consequently horneomorphic 
spaces always have the same homotopy type, but the 
conv(‘rse is far from true. For example, for aiiv posi- 
tive integer n, the space ft" has the same homotopy 
type as the space consisting of a single point. 

If A is a connected n-manifold, and for every posi- 
tive integer q les.s than n every map / :S‘^ — ► A is 
homotopically trivial, then eillicr A is compact and 
has the same homotopy type as the sphere or A 
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is not compact and has the same homotopy type as 
jR", The fact that at present the preceding result 
cannot be replaced by one saying that under the same 
conditions X is either horneomorphic with S” or W" 
unless n is less than or equal to 2, seems to be one 
of the main obstacles to proving classification theo- 
rems for manifolds of dimension greater than 2. 

In the last fifty years the study of topology has 
changed considerably. Instead of attacking problems 
directly, algebraic invariants are attached to topologi- 
cal spares, and then these invariants are studied. 
The main impetus to starting to work m this direction 
was given by the French mathematician Henri Poin- 
care about fifty or sixty years ago. The work of 
Poincar^ was done chiefly in connection with the 
problem of classifying manifolds. He conjectured 
that if is a compact connec ted 3-manifold and every 
map f is homotopically trivial, then A' is 

horneomorphic with a 3-sphere. As was mentioned 
earlier there is as yet no proof of this result, though 
it still seems possible that one may be found. 

The study of lopidogy by means of the algebraic 
invariants of topologi<'al spaces is in reality a com- 
paratively new field of mathematics. Since most of 
these invariants are rather difficult to describe, no 
attempt to do so will he made here. The definition of 
just one set of these invariants, the homotopy groups 
will he outlined. These invariants are the easiest to 
describe, hut among the most difficult to compute. 

A topological space X is pathwis<‘ connected if for 
exery pair ot points \ and .x' belonging to A', there 
is a continuous map /:/ ►A such that /(()) - i and 
/’ll) = t', in other words if one can draw an arc 
between any two points of the space. A manifold is 
connected if, and only il\ it is pathwise connected. 

Suppose that A and Y are topological Sj.aces, 
In e A and Vo t Y arc chosen and called base points. 
\ map / : Y - -* Y is said to preserve base points if 
f{x^^) = > 0 . Two maps f:X-^Y and g.X - which 
[ircseixc base points are homolopic relative to the 
base points i„ and vo if there exists a map F:l X A 
y such that the following conditions obtain: 

1. F((),x) =/(x) for any x e X. 

2. F(l,x) = g{x) for any t e A. 

3. F(/,.xo) = Vo for aiiv / t /• 

Now one says that two maps Y which pre- 

serve base point are equivalent il they arc homolopic 
relative to the base points. 'Fhe set of such cipiiva- 
lencc classes of maps is denoted by 7r({A,.ro),(F,yo)). 
Such an equivalence class is called a homotopy class 
of maps. 

For the sphere ,S" choose a hixse point c S" once 
and for all. I>et Trn(A,xo) he 7r((.S”,en)i(A,Ao)) fr>r 
every space A with base point To. l^t hc^ the 

space obtained by taking two copies of S'* and identi- 
fying the point c„ in one copy with the point Cn in the 
other copy. This space may be thought ol as^ two 
tangent n-spheres. Define a map 0'S” -->5" v 5” by 
collapsing an equator of S” through the base point to 
obtain two tangent spheres. Suppose that/,g:S'* — ♦ X 
are maps which preserve base points. Define /v^: 
S” V S” A, by mapping points of the first tangent 


sphere by means of / and of the second by means ol 
g. This definition is legitimate since /(e„) * .r© * 
g(cn)» Now (fv g) o ff:S” X and preserves base 
point. One verifies that if /' is homotopic to / and g' 
is homotopic to g, then (/' v g') •> 0 is hoinotopic to 
{f^g)^0 where all homolopies are relative to the 
base points. If for any such map /, one denotes the 
homotopy class of /by 1/), then |(/v ^) «» ^1 depends 
only on [f\ and [/?!. Then mapping ^:irn(A,xn) X 
fl’w(A,x'o) 7r„(A,xol defined by 

determines a group operation in the set 7r„(A,.ro) 
which is now called the n-dirnensional homotopy 
group of A relative to the base point .x:». 

If A pathwise (*onnecleil, then the group 7rn(A\xo) 
is independent of the choice of base point .xo. Further 
if A' and 1" are pathwise connected spaces having 
the same homotopy type, then for any xo € A and 
an\ yo C F the groups 7r„(.V,\o) an i are 

isomorphic. 

The group 7ri(A,\o) is also called the fundamental 
group or Poincare group of the space A based at the 
point xn. 'I'his group was discovered and investigated 
hv Poincare. 'Fhe groups 7r„(A,X(i) were discovered 
si>me thirty years later bv Witold Hurewic/. It is not 
diflif'iilt to prove that if A is a space having the honiot- 
oyiv t\pe of a point, then 7r„(A',.xo) has a sincle ele- 
ment. Further it may he proved that the group 
T^qiS^.rn) has a single element d' c/ is less than n, 
hut is isomorphic with the group of integers W q ^ w. 
This proves that S” dot's not havt* the homotopy of a 
[Miinl. 

Fvt'u though the groups 7r,;( V,xo) are abelian for 
f/ > 1, thev are difficult to compute. Il may he shown 
that if n IS greater than 1, then the group 7 r^bS**,e„) 
has more than one element for an infinite niirnher of 
integers q. [.I.c.MO.l 

Hibliography: S, Lefschelz, Introduction to 
Topology, 1949; N. .Steenrod and S. Filenberg, 
Foundations of Algebraic Topology^ 1952; R. L. 
Wilder, Topology of Manifolds, 1949. 

Torbanite 

A variety of coal that resembles ti carhonacetius 
^hale in outward appearance. Il is fine-grained, 
nrown to black, tough, and breaks with a conchoi- 
dal or suhconchoidal fracture. The name torbanite 
is derived from the initial discovery site of the ma- 
terial in 1850 at Torhane Hill, Linlithgowshire, 
Scotland. Torbanite is synonymous with boghead 
coal and is related to cannel coal. Torbanite is de- 
/•Mil from colonial algae identified with the mod- 
ern species of Botryorocrus braiinii Kiit^ and its 
antecedent forms. 

Major deposits of torbanite occur in Australia, 
Tasmania, New Zealand, Sc'otland, and .South Af- 
rica. The South African deposit, which is in the* 
Ermelo district of the Transvaal, yields from 20- 
100 gal of oil per ton on retorting. High-assay tor- 
banite yields paraffinic oil. whereas low-assay mate- 
rial yields asphaltic oil. See Coal; Sapbopkl. 




A^lpSflwiixing and burning tool that produces a hot 
ftntie for the welding or cutting of metal. The torch 
ueiially delivers acetylene and commercially pure 
oxygen producing a flame temperature of !>,000- 
6,000®F, sufficient to melt the metal locally. The 
torch thoroughly mixes the two gases and permits 
adjustment and regulation of the flame. Acetylene 
requires 2.5 times its volume of oxygen for com- 
plete combustion and. being an endothermic com- 
pound of carbon and hydrogen, can produce a 
higher flame temperature than other fuel gases. See 
Acktyi.enk; Welding and cutting of metals. 

Torches are of two types: low-pressure and high- 
pressure. In a low-pressure or injector torch, acety- 
lene enters a mixing chamber where it meets a jet 
of high pressure oxygen (Fig. 1). The amount of 


acetylene drawn into the flame is controlled by the 
velocity of this oxygen jet. In a high-pressure torch, 
both gases are delivered under pressure. The heat 
developed at the work is controlled to some extent 
by gas pressure but principally by the size nozzle 
or tip fitted to the torch. The larger the tip the 
greater the required gas pressure. Small flames are 
used with thin gage metals; large flames are neces- 
sary for thick metal parts. 

A welding torch mixes the fuel and gas internally 
and well ahead of the flame (Fig. 2). For cutting, 
the torch delivers an additional jet of pure oxygen 
to the center of the flame. The oxyacetylene flame 
produced by the internally mixed gases raises the 
metal to its ignition temperature. The central oxy- 
gen jet oxidizes the metal, the oxide being blown 
away by the velocity of the gas jet to leave a nar- 
row slit or kerf. In the case of iron, the oxides fuse 



Pig. 1. Low-pressure injector cutting torch. (Linde Co.) 




Ill oxygen IH acetylene HI mixed gases 

Fig. 2. Welding torch with cartridge mixer operates over wide pressure range. (Linde Co.) 
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Tate\y cuv m iww-cniiwu sveev ny lorcites automati- 
cally guided, such precision cutting beine called 
flame machining. [f.ii.».] 

Tornado 

An intense lotary storm of small diameter, the most 
violent of weather phenomena. Tornadoes always 
extend downward from the base of a eonveetive 
type cloud, geneiallv the cumulonimbus oi a large 
thunderstorm. 

Appearance ranges from a broad funnel Tvith 
smallest diameter at the ground, to a narrow lope- 
like vortex, which may not rea( h the ground or mav 
intermittently lift and dip. An ill-dehned < loud of 



Ground-view photograph of tornado, June 20, 1957, 
at Fargo, North Dakota (Fargo Forum Photograph by 
C Geberf, Grand Prize Winner, 11th Annual GraPex 
Contest) 

duM or debus often surrounds the true tornado 
( loud nfMi the ground In surfac c lavers, air spirals 
inwatd toward the vortex, generally lotating in a 
lounlen lot kw isp sense, lismg verv lapidly in the 


have been observed in all stales, being most Irequenl 
in Iowa, Kansas, Missouri, Illinois, and Oklahoma. 
Although tornadoes occur in all months, greatest 
seasonal frequent v is in late spring and early sum- 
mer. Most fiequent occurrence is in the southern 
states in early spring; the locus of greatest activ- 
ity shifts northward into the central states in sum- 
mer. Occurrences are noted at all times of day, hut 
there is a strong peak in incidence during mid- 
alternoon. 

Requisite conditions foi tornado formation are 
pronounced theimodvnamic instability combined 
with sufficient amounts oi water vapor to produce 
thunderstorms, along with the presence of strong 
winds in the upper troposphere. These conditions 
are most favored on the southeast sides of extra- 
tropical cyclones located east of the Rocky Moun- 
tains. In the warm sector of the cyclone, southerly 
winds import warm, moist tropical air in lower 
levels northwaid from the Gulf of Mexico. At the 
same time, local cooling may take place higher up, 
as a told low-piessure trough approaches frojn the 
west. As a result of these processes combined with 
low-level solar heating, the required thermody- 
namic instability may be built up. Release of in- 
stability results either from frontal lifting, as at a 
cold front, or as a consequence of the general ris- 
ing motions on the advancing side of the cyclone. 
See SrORM , THlJNDFRSrORM. 

Ome ihiinderstornis have formed, often in the 
form of d squall line in advance of the cold front 
(sec Squail), tornadoes may appear as narasites 
to the thunderstorms. With a single cvclone, fam- 
ilies of as many as 10 30 tornadoes sometimes oc- 


(oie. Kroni strut tiiral damage and other eviJ me, 
piohable wind speeds up to .'500 inph or more have 
been i ah iilated. 

The visible funnel consists of cloud droplets 
condensed because tif expansional tooling resulting 
from markedly lowei (pioliably l)v 100 200 niilli- 
bars) piessuie in the vortex than in the surround- 
ings. Height of the visible lunnel depends ujion the 
cloud base, and may be 1000 10,000 ft; however, 
the tornado vortex probahlv extends a considerable 
distance upward within the accompanying cloud. 

Width of the path of destruition varies fiorn a 
few yards to a mile, averaging 700 ft. Length' of 
path ranges from very short up to 300 miles, aver- 
aging 4 or 5 miles. Movement is generally from 
southwest, but may he in any diiection. Speed of 
movement averages 3S mph but is highly variable. 

Damage in the millions of dollars, with loss of 
many lives, takes place occasionally when torna- 
does strike heavily populated areas. Structural 
damage to buildings results in part from explosion 
when the atmospheric pressure outside is suddenly 


cur 

No generally accepted theory of tornado me- 
chanics has been formulated. Thermodynamic the- 
ones visualize the tornado as being a result of vio- 
lent localized upward ^’onveclion, with formation 
of a whirl from the compensating inrush of air in 
lower levels Mechanical theories suggest that the 
rotation is derived from interaction of current.** hav- 
ing different directions and speeds, either at a 
given level or at different levels within or around 
ti.“ accompanying thunderstorms. 

Tornadoes in the United States are mostly found 
on the south sides of the parent thunderstorms. 
Heavy rain and hail often follow (but sometimes 
precede ) passage of a tornado. The heaviest rain is 
likely to fall a few miles north of the tornado 
track, and sometimes no rain falls along the track 
itself. Widespread ihundersqualls are often ob- 
served outside the actual tornado path. 

Accurate location of tornadoes by use of radar 
and radio direction-finding devices (frequent elec- 
trical discharges are characteristic ) sometimes en- 
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a:fa|e» .useful shortoperiod prediction of likely fu- 
ture movements. [c.w.N,] 

Bibliography: T. F. Malone (ed. ), Compendium 
of Meteorology, 1951; S. D. Flora, Tornadoes of 
the United States^ rev. ed., 1954; S. Petlcrssen, 
W eather Analysis and Forecasting, 2d ed. 1956. 

Torque 

The product of a fon^e and its perpendicular dis- 
tance to a point of turning, also called the moment 
of the force. Torque produces torsion and tends to 
produce rotation. Torque arises from a for<',e or 
forces acting tangentially to a cylinder, or from 
any force or force system acting about a point. A 
couple, consisting of two equal, parallel, and op- 
positely direc ted forces produces a torque or mo- 
ment about the ceiftral point. A prime mover such 
as a turbine exerts a twisting effort on its outfuit 
shaft, measured as torque. In structures, tor(|ue 
appears as the sum of moments of torsional shear 
forces acting on a transverse section of a shaft or 
beam. See CotJiM.K; Toksion. | n.s.k. | 

Torque converter 

A device for changing the torque-speed ratio or 
mechanical advantage between an input ‘-haft and 
an output shaft. A pair of gears is a mechanic al 
torque converter (,vec (»kar ukivi:). An hydraulic 
torque converter, with which this article deals, is 
an automatically and ( oiitinuousiy variable torque 
converter, in contrast to a gear shift whose torque 
ratio is changed in steps by an external control. 
.See TRANSMtssioN, m:tomotivf.. 

Converter characteristics. A mechanii al torque 
converter transmits power with only incidental 
losses; thus, the power, which is tin* product of 
torque T and rotational speed A', at input / i.s sub- 
stantially ecfual to the power at out[)ut 0 of a me- 
chanical torque 4'oriverter, or TflS'i = kTttiWt, where 
k is the efficiency of the gear train. This equal- 
power characteristic is in contrast to that of a fluid 
coupling in whi<'h input and output toniues an; 
equal during steady-stale operation. .Sec Fliiid cou- 
pling. 

In an hydraulic tor([uc converter, efficiency de- 
pends intimately on the angles at which the fluid 
enters and leaves the blades of the several parts. 
Because these angles c hange appreciably over the 
operating range, k varies, lieing. bv definition, zero 
when the output i.s stalled, alth(Migh out|)ut tor([ue 
at stall may be three times engine torifue for a sin- 
gle-stage converter and five times engine torque for 
a three-stage converter. Depending on its input ab- 
sor|>tion characteristics, the hydraulic torque con- 
verter tends to pull down the engine speed toward 
the sfieed at which the engine develops maximum 
torque when the load pulls down the converter out- 
put speed toward stall. 

Converter power efficiency is highest (80-90^'f ) 
at a design speed, usually 40-80% of maximum en- 
gine speed, and falls toward zero as .shaft spfvd 
approaches engine speed. Because of this charac- 
teristic, the mode of operation may be modified to 
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Fig. 1. Elementary hydraulic torque converter. 


change from tonpie conversion to simple fluid cou- 
pling or to direct mechanical drivv at high speed. 

Hydraulic action. The.se chafiicterisiics are 
achieved by the exchange of momentum between 
the solid parts of the converter and the fluid (Fig. 
1 ). aV vaned impeller on the input shaft inimps the 
fluid from near the axis of rotation to the outer rim. 
Fluid momeriliiin increases because of the greater 
radiii*- and the influence <»f the vanes. The high-en- 
ergy fluid leaves the impeller and impinges on the 



Fig. 2. Three-stage converter showing simplified 
fluid flow around torus. (Twin Disc Clutch Co.) 



\)\ades ol a luibme, up lo dt\N^ 

the turbine, vrbicb ift connected to ibe output sdiait. 
The fluid discharges irotn the turbine into a bladed 
reactor. The reactor blades are fixed to the frame- 
thev deflect the fluid flow and redirect it into the 
impeller. This change in flow direction produced by 
the stationary reactor is equivalent to an increas- 
mg change in momentum which adds to the momen- 
tum imparted by the impeller to give a torque in- 
crease at the output of the converter (Fig 2). 

In a typical converter, as the output shaft comes 
up to the speed of the input shaft, cfficienc> de- 
creases. Therefore, the reaction member muv he 
mounted on a freewheel unit so that it nitates with 
the fluid at high si»eed ratio when torque multipli- 
cation is no longei po,ssihle. In addition, splitting 
the reaction member t<» gi\e a four-element poly- 
phase converter gives even more uniform efficiency. 

I H.J.WI.] 

Bibliography: S. J. Berard. E. (). Waters, and 
C. W. Phelps, Ptimiplcs of Mathinc Diwign. 1%,"). 

Torricelli’s theorem 

The speed of efflux of a liquid from an opening in 
a reservoir eipials the speed llie liquid would ac 
cpiire if allowed to fall from rest from the suiface 
of the reservoii to the opening. 

Toiri<*elli, a student of C.alileo, ohsttved this re- 
lationship in 1643. In equation form = 2gh, in 
whiih I is the speed of <‘fflux, h the head (or ele- 
vation diffeiem e Ix-tween leservoir siirfac e and cen- 
terline of opening if in a verli<al t)lane). and g *he 
a«celerdtion due to gravity. *1he e(|uution is the 
same as that for a solid fiartic le dr(qq)ed a di^- 
tdfuc /? in a va<uum.) 'Phe relationshit» < an he de- 
rived fioni the energy equation for flow along a 
streamline, if energy losses are neglected. 

An oiifice (opening in the wall or bottom of a 
reseivoir ) is used as a flow measuring devne. From 
I'orricelli's theoicm, b> solving for v and multiply- 
ing hv the flow urea, an expression for dis/«arge 
(,), in volume per unit time, is obtained. In equation 
form Q - C,i4yj2gh^ in whh h 4 is the area of open- 
ing and Cf is a dimensionless ( oefhcicnt. determined 
experimentally, that corrects for conlrai tion of the 
jel as it leaves the orifice and foi cneigv loss due 
to viscosity. When h is measured Q may he detei- 
mined from the formula. See Flow mi ^suni-MtNT. 

[V.L.S.I 

Torsion 

A straining action produced hv terminal couples 
that act normal to the axis of a member. Tqision 
is identified by a twisting deformation. 

In practice, torsion is often accompanied by 
bending or axial thrust as in the case of line shaft- 
ing driving gears or pulley.s, or propeller shafts for 
ship propulsion. Other important examples in- 
clude springs and machine mechanisms usually hav- 
ing circular sections, either solid or tubular. Mem- 
bers with noncircular sections are of interest in 
special applications, such as structural members 
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t'wisl and buckle beams. 

'Whtn subjected only to torque, ibe member Is 
in pure torsion, wbicb produces pure shear stresses 
(see Shear). The shear properties of materials are 
determined by a torsion test. 

Cylindrical bars. The twist of a bar due to 
t<irque can be visualized as the accumulated rota- 
tional displa(*enients of imaginary disks cut bv 
transverse section^ on whi( h tangential forces op- 
erate. .Sheating fon-es vary across the section and 
together furnish the internal resiv.ting torque. 

Torsional angle, designated (K is the total rela- 
tive rotation of the ends of a straight cylindrical 
bai of length /., wffien subfected tc» torque. 

Helical angle, designated 0, is the angular dis- 
placement of a longitudinal element, originally 
straight on the surface of the untwisted bar, which 
becomes helical after twisting (Fig. 1). Angle 0 
is the shear siiain. For small twist, torsional and 
helical angles arc related by geometry = 
{R L)0^ wheie B is the radius of the hai. 

Elastif shear stress Within the elastic limit, 
shear stress is lound by Hooke’s law .S, •= 

and is expressed in terms of the torsional angle as 
,S\ - iK L)EJK where E„ is the modulus of rigid- 
ity See llooKI ’s I xw. 

The shear stress varies hneailv across the sec- 
tion, being maximum at the Hiifacp and 7,ero at 
the center For a c*iiciilar section the maximum 
shea? siTpss acting pcipendicular to the radius at 
the extreme distance R - I) 2 fiom the neutral 
axis is = 16/' wheie T is the externally 

applied twisting moment. 

Tangential sheai stiC'-ses on the section are ac- 
companied hv longitudinal shear stresses along the 
hai. These complimentarv stresses induce tensile 
and conifjressive stresses, equal to the shear inten- 
siiv, at 4S"’ to the shear stresses. The loi^gitudinal 
stresses are impoitant in laminatc'd materials, 
wood, oi metals with seams. Brittle materials, low 
in tensile strength, fracture on a 4.S® helicoidal sur- 
face; ductile materials fracture on transverse sec- 
tions aftei laige twist. 

Resisting torque equal to the applied torque is 
the moment of the elemental y internal shear forces 
about the neutial axis c'xpressed in terms of the 
sectional dimensions and the stresses. A general ex- 
jiression for resisting t<»rqne is T = 
where J i*» the polar moment of inertia of the sec- 
lion. This relation is applicable to both solid and 





titcubff aecUoBs which are differentiated 
p y toma of torque T, torsional angle 6 is 
Tlf/Ej* Torsional angle per unit of length is a 
moaiMUre of torsional stiffness, which may limit the 
required dimensions of a shaft. In power trans- 
mission, the torque associated with horsepower is 
found from HP » 7'A^/63000, where T is expressed 
in inck*pounds of moment and N is the rotation of 
the shaft in revolutions per minute. 

Inelastic behavior in torsion. Strains exceeding 
the elastic limit are not completely recoverable 
after unloading and the behavior is inelai^tic. Tor- 
sional strains vary linearly from the center of the 
bar during both elastic and plastic deformation, 
and the corresponding shear stresses reflec t the 
Stress-strain curve for the material (Fig 2) After 
the extreme element reaches the yield point, con- 
tinued twisting produces inelastic strains at in 
creasing distances from the surface while the stress 
remains constant. When the aMion is fully plastu 
the stresses are constant, equal to the yield point 
over the entire section. The fully plastir resisting 
torque is 
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which is 1.33 times that required lo just prodiU’C 
surface yielding. Torsional resistance increases due 
to strain hardening but is of interest only where 
large deformation can be tolerated. Elastic anal\ 
sis is applicable to designs where permanent de- 
formation must be avoided and where endurance 
(fatigue) properties limit the stresses. 

Thin-walled tubes. Thin tubular members find 
application particularly in aircraft. Shear stresses 
are assumed uniform over the wall thickness, when 
a thin-walled lube of anv shape is subjected to 
torque at the ends. Shear foice q per unit length 
of perimeter is constant. 

Shear flow is the constant shear force q acting 
along the median line of the wall and is equal to 
the product of shear stress .S times thickness / at 
any point; thus q * St is constant. The concept of 
flow is drawn from the similarity of the expression 
for constant shear force with the constant cpian- 
tity 0 of a liquid passing variable sections of a 
channel having area A and velocity V, Q - AV 
Resisting torque T is the summation of moments of 



Fig. 2. Stress distribution 
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Fig 3 Shear flow. 


sheai fortes on elcnientarv lengths ds of the wall 
perimeter about the cenlei of rotation T = 2Aq„ 
wheie i is the area entlosed bv the center line 
of the tube wall (Fig. 3). The stress at anv point 
where thu kness is / is S = q/t ^ T 2Af. The tor- 
sional angle produced bv applied torque T is 
found from 


0 
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where S is the length of the i»eiimetcr and t is the 
variable thickness. For constant thickness, 0 =- 
TLS ^4 Et where S is peripheral length of the 
centei line 

Solid noncircular sections. When a solid mem- 
ber with nomircular section is twisted, the sections 
become warped and the stresses do not vary lin- 
early as m the case of circular sections. Evaluation 
of stn*sses and torsional twist recjiiiies the ligorous 
procedures of the theory of elasti^^ity. If a grid is 
scribed on the surface of a square or rectangular 
bar and the bar is twisted, distortions of the grid 
indicate that maximum shear stress is at a bound- 
ary nearest the center. Contrary lo theory appli- 
cable to ( ircular sections, the stress is zero at the 
corners, which are the most remote elements. The 
location of maximum stress is indicated by points 
of initial plastir yielding as shown by the macro- 
graphs (if a square and a lound bar (Fig. 4). 
Sections were etched after yielding, thus differen- 
tiating the darkc'r plastic zones. Formulas for maxi- 
mum shear stress and torsional angle for common 
none ircular sec lions are presented in Fig. 5. 

Helical springs subjected lo axial loads involve 
all four possible straining actions: direct stress, 
transverse shear, bending, and torsional shear. 
For small oblicjuitv of the roils, as in close-coiled 
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. torsional sheax is the most important ao 
^^^"'When stresses and deflection are determined 
by ioTtmiiae appWcaWe to straight bars, a conec- 
lion » necessary to account iot the eftect ol cuna- 
tore oi the coils. See Spuing (MECAisNicitLl . 

Membrane analogy. Shearing stresses in sec- 
tions which cannot be conveniently analyzed math- 
ematically are determined experimentally by mem- 
brane analogy. The analogy presented by Ludwig 
Prandtl (1903) is based on the similarity of the 
equilibrium equation for a membrane with pres- 
sure on one side and the differential equation for 
torsional stresses. 

In application, a thin membrane such as a soap 
film is placed over an openinj? in a plate, having 
the same geometrical shape as the section under 
investigation. Slight air pressure on one side de- 
flects the film, and micrometer measurements deter- 
mine the contours of equal deflection. The slope at 
any point and the volume enclosed by the deflected 



Fig. 4. Plastic strain In torsion, (o) Square bar. (b) 
Round bar. 
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Fig. 5. Shear stress and torsional angle for common 
noncircular sections. 
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membrane ran be found from these measurements. 
If a bar having this section is twisted, the tor- 
sional shearing stress at any point is proportional 
to the slope of the membrane, the stress direction 
is tangent to the contour, and the torque is pro- 
portional to the volume enclosed by the deflected 
membrane. 

The method is a valuable qualitative aid in lo- 
«*ating points of maximum stress by visualizing or 
observing points of maximum slope of the deflected 
film. The high stress at a reentrant corner such as 
at a fillet of a structural angle or channel section 
is indicated by a sleep slope of the film. [ w.j.kr.] 

Bibliography: E. Murphy, Advanced Mechanics 
of Materials, 1946; S. Timoshenko and J. N. 
C'itidier, Theory of Elasticity, 2d ed., 19.51. 

Torsion bar 

A spring flexed by twisting about its axis. Design 
of a torsion bar spring is primarily based on the 
relationships between the torque applied in twist-’ 
ing the spring, the angle through which the tor- 
sion bar twists, and the physical dimensions and 
material (modulus of elasticity in shear) from 
which the torsion bar is made. The drawing shows 
the elements of a simple torsion bar and the impor- 




tant dimensions involved in its design. The equa- 
tion relating these dimensions is 

. 32Fal 

tD^G 

in which 9 is angle of twist in radians, F is force 
in pounds, a is radius arm of force in inches, I is 
length of torsion bar in inches, D is diameter of 
torsion bar in inches, and G is modulus of elasticity 
in shear in pounds per square inch. 

If the deflection or twist of the spring 6 is large, 
force F must change direction if a is to remain 
constant. For this reason the equation is frequently 
written 

^ irD^G 

in which r is the torque in inch pounds. 



Torsion bar springs are found in the spring sus- 
pension of truck and passenger car wheels, in pro- 
duction machines where space limitations are criti- 
cal, and in high-speed mechanisms where inertia 
forces must be minimized. See Spring (mfcham- 
(al). [l.s.l.] 

Tortoise 

A name applied somewhat indiscriminately to vari- 
ous turtles, notably the drv land forms, but with- 
out any clear-cut definition. The name is falling 
into disuse. See Cheionia; Turtle. [j.d.b.] 

Torus 

A surface obtained by rotating a circle about a line 
that lies in its plane, but which has no points in 
common. It is a 2-dimenhional manifold of genus 1 
and connectivity 3. See Manuold (mathematics). 

The equations x =■ u cos i», y ^ u sin v, z = 
[H — (a — 6)*]^, 6 > r > 0, represent the upper 
half of the torus obtained by rotating about the 
z axis a circle of radius r whose center is the 
point {&,0,0). The parameter u represents the dis- 
tance of a point P of the torus from the z axis, 
and V is the angle of rotation. According to 
whether b<u^b + a or b — a^udb or 



A torus. 

the corresponding point P is elliptic, hyperbolic, or 
parabolic, respectively, and the Gauss curvature 
of the surface at P is positive, negative, or zero 
(see Glomiiry, dii ii.rkntial) . See also Surface 
AND SOLID OF REVOLUTION; ToPOLOGY. [l.M.BL.] 

Touch 

A term for both the generic designation for general 
bodily feeling and, more narrowly, the array of 
skin sensations ranging from contact to dull pres- 
sure and including light touch, granular pressure, 
and d host of other cutaneous patterns for which 
specific names have not entered the English lan- 
guage (see Cutaneous sensation; Somesthesis). 
The system of pressure sensitivity of the skin yields 
a wealth of feeling patterns which differ among 
themselves along the spatial, temporal, and intensi- 
tive dimensions. They have also been held to vary 
within a brightness-dullness continuum, by analogy 
with visual sensations. For certain of the patterns 
which occur repeat^ly and familiarly, we have 
terms such as lively contact, tickle, vibration, and 
deep pressure. Others, though recognizable when 
felt, are nameless and thus impossible of descrip- 
tion 

Pressure thresholds. The normal, or adequate. 
Stimulus for the arousal of pressure sensations is 
tension within the cutaneous tiPA^^ues. Simple me- 
chanical pressure is not sufficient, as may be dem- 
onstrated by dipping a finger in a jar of mercury. 
Though high hydrostatic pressure is being applied 
over most of the finger, there is no feeling of pres- 
sure except for the ring at the surface of the liq- 
uid where there is an abrupt transition from no 
pressure to pressure. Differential pressure, a gra- 
dient, must be supplied before there is the neces- 
sary shearing force to create tissue tension. For 
small stimulators, hairs or fine needles pressed gen- 
tly into the skin of the arm, the amount of ten- 
sion that will just produce a pressure sensation is 
roughly 1.0 g/mm. About the same value is found 
if a thread is cemented to the skin and tension is 
brought about by an upward pull. No single thresh- 
old figure is representative, however, for pressure 
sensitivity proves to vary with skin locus, the speed 
(or perhaps acceleration) with which the stimulus 
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tip is applied, and especially the size of the stimu- 
lator. Thresholds, expressed in tension units 
(g/mm), are far from constant for stimulators 
much larger than hairs. 

One highly efficient method for evoking touch 
sensations is to take advantage of the fact that 
hairs projecting from the skin, their follicles firmly 
set in cutaneous tissues beneath the surface, act as 
levers of the second class when their distal ends 
are moved. It has been shown experimentally that 
an energy as little as 0.04 erg applied to the end of 
a hair 1.0 cm long may exceed the pressure thresh- 
old. Whereas this seems like a small energy to ini- 
tiate a sensory system, it is actually about 5,000,- 
000,000 times as much as the amount required to 
get the retina of the eye or the auditory nerve end- 
ings of the cochlea into minimal action. 

Since pressure sensitivity, like that for pain and 
temperature, is distributed throughout the skin 
as minute spots, another way to measure it is to 
ascertain the number of loci within a fixed area 
that will respond when a systematic exploration is 
made. If a horsehair of variable length and stiffness 
is employed in a series of successive explorations 
of the same skin area, it will be found that the pro- 
portion of spots yielding pressure sensations will 
increase with stimulus intensity in an interesting 
way. 

Pressure adaptation. If a steady mcclianical 
pressure is exerted against the skin it will he found 
that the intensify of the resulting pressure sensa- 
tion will gradually decline and eventually disap- 
pear entirely. However, care must be taken to in- 
sure that extraneous forces are not allowed to alter 
the essential unvarying relation between the stimu- 
lator and the tissue on which it is acting. This 



H. P. Weld, Foundations of Psychology, Wiley^ 1948) 



Fig. 2. Bodily variations in the two-point threshold. 
(J. F. Fulton, ed., HowelFs Textbook of Physiology, 
Saunders, 1947) 


phenomenon of adaptation is a universal one in 
the realm of sensation. Given steady stimulation, 
sensation fades. 

Whereas there is no reason to believe that the 
pressure receptors do not operate in accordance 
with the general principle, there is good evidence 
to indicate that there may be an additional mecha- 
nism hastening or supplementing the adaptation 
process. A weight placed cn the skin surface con- 
tinues to move downward, “sinking’* into the skin 
for a surprisingly long time. The subcutaneous tis- 
sues are somewhat compressible and take up the 
force of the stimulus, meanwhile allowing chang- 
ing tensions (supraliminal stimulation) at recep- 
tive nerve endings. It has been shown that sensa- 
tion fades out just about at the time the falling 
weight comes to rest. The implication is that tissue 
movement is the effective stimulus and that stimulus 
failure accounts for complete adaptation. This view 
is further reinforced by the observation that sudden 
removal of the weight rearouses pressure sensa- 
tions, which continue in force until the cutaneous 
tissues once more attain their original disposition. 

Spatial discrimination by touch. Vision and 
rouch are the only two senses that have appreciable 
anatomical extension. Of the two, the eye far out- 
strips the skin in the capacity to gather spatial in- 
formation. The fact that light travels in straight 
lines is basic, of course, but it is also the case that 
the retina of the eye possesses a resolving power, 
by virtue of its fine microstructure, that is not even 
^M'proximated by the skin. Some spatial discrimi- 
nation is inherent in touch, however, and it is not 
difficult to find evidence of it. 

One way to assess the skin’s space-resolving abil- 
ity is to ascertain the accuracy with which stimula- 
tion of its surface may be localized. If an observer 
is touched with a blunt stylus, vision being ex- 
cluded, and he attempts to reproduce the feel, by 
touching himself with another stimulator or by 
marking the judged location on a map pf the skin, 
it will be found that characteristic errors occur. 
On the lips or finger tips the average error may be 
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no more than a millimeter. The volar forean 
givea an error about eight times as large, and it i 
doubled again when the thigh is the site of stimu 
lation. 

Another way to measure tactual acuity is to de 
termine the ability to resolve two simultaneou 
touches. This may be done with compass points— 
or better, a two-point esthesiometer, which pre 
eludes thermal stimulation — the distance apart o 
the contactors being progressively narrowed unti 
the two feel like one. The entire body has beei 
charted for the two-point threshold, the minima 
separation of the esthesiometer points perceivec 
as two contacts. It proves to vary widely, fron 
tongue to small of the back, and to parallel the ab 
solute error of localization, being about three t( 
four times the size of the latter. 

Perception of vibration. If a rapid successioi 
of tiny impacts, such as that supplied by the bas< 
of a vibrating tuning fork, is applied to the skin 
there is felt a continuous ^Vhirring,” a lively, sus 
tained cutaneous pattern of somewhat indefinite 
localization. The magnitude of the impacts neces 
sary to reach threshold depends on a number o1 
factors: (1) bodily locus- vibration having an am- 
plitude of less than 1 micron (/x.) may be appreci- 
ated by the finger tip, while many times this amount 
are needed on the arm or leg; (2) frequency ol 
vibration — a minimum frequency of about 16 cycles 
per sec (cps or must be supplied if continuity 
is to be experienced, and a frequency of about 250 
cps is most efficient, that is, yields the lowest thresh- 
olds; (3) the size of the skin area stimulated- 
in general and within limits, the larger the con- 
tactors, the smaller the amplitude required to 
reach threshold; (4) skin temperature -it hat- 
been shown that vibratory sensitivity increases, 
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Fig. 3. Vibratory thresholds of two populations of 
cutaneous spots. Averages are represented. Reliability 
of the measures is indicated by the dotted lines, stand- 
ard errors of the mean having been plotted. (F. A. 
Geldard, The perception of mechanical vibration, J. 
Gen. Psychol., 22:286, 1940) 


then declines, as the cutaneous area receiving it ic 
wanned. Conversely, cooling reduces sensitivity. 

It has not always been apparent that vibrator) 
sensitivity is handled by the same mechanism at 
that responsible for pressure sensations. There 
have been claims for a separate ‘Vibratory sense* 
with its own machinery of reception and report 
The case for this cutaneous pattern as being simply 
“pressure in movement” is strengthened by the 
finding that vibratory sensitivity is distributed in 
the skin in a punctiform manner and that, more- 
over, spots highly sensitive to mechanical pressure 
have low vibratory thresholds while relatively in- 
sensitive ones have high thresholds. If.a.g.] 

Bibliography: E. G. Boring, Sensation and Per- 
ception in the History of Experimental Psychol- 
ogy, 1942; J. F. Fulton (ed.), HowelVs Textbook 
of Physiology, 17th ed., 1955. 

Tourmaline 

A mineral cyclosilicaie with complex chemical 
composition, long known for its use as a gem stone. 
See Guvi; SlLICA'IF MINLRAIS. 

Tourmaline crystallizes in the ditrigonal-pyrami- 
dal class of the hexagonal system in prismatic 
crystals with the trigonal prism dominant. A com- 
bination of this prism with a hexagonal prism 
causes vertical striations and a tendency for the 
faces to round into each other, giving the crystals 
a cross section resembling a spherii al triangle. 
The vertical axis is polar; thus different form** aic 
found at the opposite ends. Because of this polai- 
ity, tourmaline is piezoelet trie ; that is, if pressure 
is exerted at the ends of the polar axis, one end 
becomes positively chaiged and the other end nega- 
tively charged. It is also pyroelectric, with the elec- 
trical charges developed at the ends of the polar 
axis on a change in tgpperatnre. 

Because of its pie«)eleclric property, txuirmaline 
is manufactured into gages to measure transient 
pressures. Plates, cut at right angles to the prin- 
cipal axis, are coated with electrodes from which 
wires lead to a recording device. The voltage re- 
corded is proportional to the pressure exerted on 
the plate. Such gages are used to measure the pres- 
sures of atomic explosions. See Pii-zollk trk irv ; 
PYROELfcl TRICITY. 

The hardness of tourmaline is 7V. on Mohs scale 
and the specific gravity 3.0 3.25. The luster is vit- 
reous to resinous and the color, depending on the 
chemical composition, is variable. Iron-rich tour- 
maline (shorlite), the most common variety, is 
black. The magnesium variety is brown. Lithium 
renders the mineral lighter-colored in various 
shades of red (rubellite), yellow, green, blue (in- 
dicolite), and rarely colorless (aehroite). If trans- 
parent and flawless, these varieties are used as gem 
stones. Several colors may be present in the same 
crystal, arranged in layers across the length or in 
concentric envelopes around the crystal. Some dark 
varieties are strongly dichoric. The chemical com- 
position is reoresented bv the seneral formula 



Doubly terminated crystals of mineral tourmaline, 
showing different forms at opposite ends. (From C. S. 
Hurlbut, Jr., Dana's Manual of Mineralogy, 16th ed., 
Wiley, 1952) 
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XYi,Al6(B08).HSia0i8(0H)i, where X is Na,Ca 
and Y is Al, Fe*+, Li, Mg. 

Tourmaline is found as an accessory mineral in 
igneous and metamorphic rocks, but its most char* 
acteristio occurrence is in granite pegmatites. Here 
the black variety is most common but the light-col- 
ored varieties may be present, firmly embedded in 
the other pegmatite minerals or in cavities known 
as pockets. Moat gem material occurs in this lat- 
ter form. Noted localities for gem tourmaline are in 
Minas (ierais, Brazil; Ural Mountains; Madagas- 
car; and, in the United States, Paris and Auburn, 
Maine; Haddam Neck, Connecticut; Mesa Grande 
and Pala, California. [c.s.hu.] 



